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Abstract

Neutrophils possess multiple antimicrobial mechanisms that are critical for protection of the host 

against infection with extracellular microbes, such as the bacterial pathogen Staphylococcus 
aureus. Recruitment and activation of neutrophils at sites of infection is driven by cytokine and 

chemokine signals that directly target neutrophils via specific cell surface receptors. The IL-20 

subfamily of cytokines has been reported to act at epithelial sites and contribute to psoriasis, 

wound healing, and anti-inflammatory effects during S. aureus infection. However, the ability of 

these cytokines to directly affect neutrophil function remains incompletely understood. Here, we 

show that human neutrophils altered their expression of IL-20 receptor chains upon migration and 

activation in vivo and in vitro. Such activation of neutrophils under conditions mimicking infection 

with S. aureus conferred responsiveness to IL-20 that manifested as modification of actin 

polymerization and inhibition of a broad range of actin-dependent functions, including 

phagocytosis, granule exocytosis, and migration. Consistent with the previously described 

homeostatic and anti-inflammatory properties of IL-20 on epithelial cells, the current studies 

provide evidence that IL-20 directly targets and inhibits key inflammatory functions of neutrophils 

during infection with S. aureus.

Introduction

Neutrophils are the most abundant leukocyte in humans and exhibit multiple antimicrobial 

mechanisms that are critical for protection of the host against infection with extracellular 

bacterial and fungal pathogens (1–3). For example, their central role in controlling and 

resolving infections with the bacterial pathogen Staphylococcus aureus is illustrated by the 

increased severity and frequency of these infections in patients with disorders of neutrophil 

number or function (4). S. aureus is a leading cause of infectious morbidity and mortality 

even in immunocompetent hosts. It most frequently displays its propensity to transition from 

a colonizer to a pathogen at epithelial barrier sites, such as the skin and lung, but it can also 

disseminate from these sites and cause severe invasive disease (5, 6).
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Recruitment of neutrophils to epithelial sites of infection is driven by cytokine and 

chemokine signals that directly target neutrophils via specific cell surface receptors. These 

signals modulate a variety of neutrophil functions required for bacterial killing and clearance 

(2, 7–9). Among the pro-inflammatory factors produced by infected epithelium in response 

to S. aureus, TNFα and IL-8 are notably potent activators of neutrophils. TNFα enhances 

ROS production and degranulation, and IL-8 is a chemotactic factor that induces directional 

migration of neutrophils. These and other cytokines effect dynamic changes in the actin 

cytoskeleton of neutrophils to induce chemotaxis, arrest migration at the site of infection, 

enhance phagocytosis, and promote release of granules that contain pre-formed proteins that 

contribute to bacterial killing (9–15).

IL-19, IL-20, and IL-24, members of the IL-20 subfamily of cytokines, have been 

recognized to be active at epithelial sites in processes such as psoriasis and wound healing 

(16–18). We recently identified these cytokines as part of the epithelial response to S. aureus 
skin infection, contributing to the pathogenesis of infection by inhibiting the production of 

pro-inflammatory factors, such as interleukin (IL)-1β and IL-17, and thereby reducing 

neutrophil recruitment (19). In those studies, a species-specific pattern of induction for these 

cytokines was noted, with human cells producing IL-20 at high levels whereas IL-19 and 

IL-24 activity was more apparent in mice (19). The IL-20 subfamily cytokines signal 

through two distinct receptor complexes that consist of the common IL-20RB chain 

dimerized with either IL-20RA (Type I) or IL-22RA (Type II), and all three receptor chains 

have been identified in skin and lung tissues of humans (20–22). Expression of IL-20RB has 

not been reported in neutrophils, but expression of IL-20RA and IL-22RA has been 

described in synovial fluid cells, which consist mostly of neutrophils that have migrated to 

an inflammatory joint (23, 24). However, the functional consequences of expression of these 

receptors in neutrophils have not been well characterized.

Given the importance of neutrophils in the innate immune response to S. aureus infection in 

the skin and lung, and the documented production of IL-20 in response to such infections in 

the skin, we sought to better characterize the determinants and functional consequences of 

IL-20 receptor expression directly on neutrophils. Here, we report that human neutrophils 

alter their IL-20 receptor chain expression upon exposure to conditions that mimic those 

encountered during infection. We further identify that under these conditions human 

neutrophils respond to IL-20 by modifying actin polymerization and inhibiting a broad range 

of actin-dependent functions that include phagocytosis, granule exocytosis, and migration.

Materials and Methods

Ethics statement

All human sample collection and processing were performed with approval of the National 

Institute of Allergy and Infectious Disease IRB, which approved the associated clinical trial 

(NCT02262819). All subjects gave full consent to sample collection, and all participants 

provided their written consent to the research protocol.
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Cell isolation and culture

Neutrophils were isolated from fresh heparinized venous blood obtained from healthy 

volunteers. All steps were performed at room temperature. Dextran was added to blood at a 

final concentration of 3% and erythrocytes were allowed to settle for 30 minutes. The 

leukocyte-rich supernatant was overlaid on Ficoll PLUS and spun at 400xg for 40 minutes. 

Remaining erythrocytes were removed with hypotonic lysis, and neutrophils were counted 

using a hemacytometer and suspended in neutrophil media (RPMI+1% human serum 

albumin and 20 mM HEPES) at a final concentration of 1×107 cells/mL. Purity of the final 

cell suspension was assessed by flow cytometry and ≥97% were CD66b+ CD45+ 

neutrophils and contained ≤0.1% CD14+ cells (monocytes). Cells were >99% viable by 

Trypan blue exclusion and were used immediately following isolation. For relevant 

experiments, neutrophils were treated with vehicle (DMSO diluted 1:2000) or inhibitors: SB 

202190 (10 μM) or PD 98059 (30 μM) at 37°C for 30 minutes.

Human bronchoepithelial cell line BEAS2b was obtained from the American Type Culture 

Collection (ATCC CRL-9609). BEAS2b cells were maintained at no greater than 75% 

confluence in collagen coated flasks with complete bronchial epithelial growth medium 

(BEGM, Lonza) at 37°C and 5% CO2. For in vitro infection procedures, cells were seeded at 

low density in collagen coated 24 well plates and allowed to grow to 75% confluence before 

use.

Neutrophils that extravasated from circulation were obtained from healthy volunteers after 

induction of suction blisters as previously described (25). Briefly, blisters were induced on 

the forearm by suction and the epidermal roofs of the resulting blisters were removed. 

Chambers were placed around the dermal blister bases and filled with saline alone, or saline 

containing γ-irradiated strains of S. aureus from a healthy volunteer (SA1) or a patient with 

atopic dermatitis (SA2). Fluid from the chamber was removed after 24 hours, and cells were 

pelleted and resuspended in HBSS.

Flow cytometry for IL-20 receptor expression

All steps were performed with cold reagents and cells were kept on ice at all times. Cells 

were suspended in FACS buffer (Cell Staining Buffer, BioLegend) blocked with Human Fc 

block for 10 minutes prior to addition of antibodies for IL-20RA, IL-22RA (Abcam), 

IL-20RB (eBioscience), or species-appropriate isotype control antibodies at 10 μg/mL. 

Secondary and conjugate antibodies were added at concentrations according to manufacturer 

instructions: Brilliant Violent 421-anti-Rabbit, PE-anti-Rat, Alexa Fluor 647-anti-CD66b, 

FITC-anti-CD45 (BioLegend). Cell viability was determined by Zombie NIR Fixable 

Viability Kit (BioLegend) according to manufacturer instructions. Labeled cells were kept 

on ice and acquired on the flow cytometer (LSRFortessa, BD Biosciences) immediately. 

Analysis was performed with FlowJo software, cells were gated on singlets, and dead cells 

were excluded before gating on target populations.

Transwell migration assays

For assays where neutrophils migrated to BEAS2b cells or supernatants, the epithelial cells 

were grown in 24 well plates as described above and BEGM was removed the night before 

Gough et al. Page 3

J Immunol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the experiment and replaced with minimal media (BEBM, Lonza). The following day, 

BEBM was replaced with fresh BEBM alone or BEBM with S. aureus USA300 (MOI 2). 

Infected BEAS2b cells were incubated for 2 hours before addition of transwell inserts (3.0 

μm pore, Corning) in each well, to which 1.5×106 neutrophils were added. Neutrophils were 

allowed to migrate for three hours, at which point transwell inserts were removed and 

neutrophils were recovered from the bottom chamber by gentle pipetting. These cells were 

stained for IL-20 receptor and neutrophil markers as described above.

Alternatively, BEAS2b cells were incubated with S. aureus as described for four hours and 

supernatants were removed, sterile filtered (0.2 μm filter) and stored at −20°C until use. To 

remove IL-20 from supernatant, Protein G DynaBeads (ThermoFisher) were used according 

to manufacturer instructions with anti-IL-20 antibody (R & D Systems). Removal of IL-20 

was confirmed by BioPlex assay (Bio-Rad).

To quantify neutrophil migration in response to BEAS2b cell supernatants or recombinant 

human (rh) IL-8 and/or rhIL-20 (R & D Systems), 24 well plates were coated with Coating 

Buffer: 20% autologous donor serum and 12 ng/mL ICAM-1 (R & D Systems) in HBSS 

with divalent cations (Cellgro) at 37°C for one hour and washed two times with HBSS. 

BEAS2b cell supernatant or neutrophil media containing 100 ng/mL rhIL-8 and/or 10 

ng/mL rhIL-20 was added to the wells, with supernatant from uninfected cells or neutrophil 

media alone, respectively, used as negative controls. Neutrophils were allowed to migrate to 

BEAS2b cell supernatant for 3 hours or neutrophil media with recombinant human proteins 

for 1 hour. Neutrophils were then recovered from the lower chamber by gentle pipetting and 

counted manually using a hemacytometer. Each condition was performed in duplicate.

Infection of human neutrophils with S. aureus

The S. aureus USA300 LAC strain was kindly provided by M. Otto (NIAID, Bethesda, 

MD). S. aureus was grown to mid-exponential phase in BHI (BD Biosciences) from a 

refreshed overnight culture and washed with HBSS. Neutrophils were added to 48 well 

plates that were coated with Coating Buffer, at 1×106 cells per well in media. Neutrophils 

were either left unprimed or primed with TNFα at 10 ng/mL. For relevant experiments, 

cytochalasin D (10 μg/mL) was added. Neutrophils were then incubated for 30 minutes at 

37°C. S. aureus was then added at MOI 1, diluted in either media alone or media containing 

50 ng/mL rhIL-20, and plates were centrifuged at 1200 rpm for 8 minutes to synchronize 

phagocytosis.

Samples were taken in quadruplicate at multiple time points between 0.5–4 hours for CFU 

enumeration. Neutrophils were lysed by adding pH 11 dH2O to ensure lysis of phagosomes. 

Lysate was serially diluted in sterile PBS and plated on BHI agar plates that were then 

incubated at 37°C, and CFUs were enumerated the following day. To enumerate intracellular 

staphylococci, 100 μg gentamicin was added at indicated time points and plates were 

incubated on ice for 20 minutes. Cells were washed two times with ice cold PBS to remove 

excess antibiotic, and then lysed, serially diluted and CFU were enumerated as described. 

Samples were taken in duplicate.
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Measurement of ROS production

Neutrophils were added to 96 well plates (5×105 cells/well) and primed and infected as 

described above. Each condition was set up in triplicate. Luminol (1 mM) was added to 

wells immediately following addition of S. aureus. The plate was incubated in a 

luminometer (Beckman Coulter DTX 880 Multimode Detector) set to 37°C and 

measurements were taken every four minutes for four hours.

Measurement of granule exocytosis

Supernatants were taken from neutrophils infected with S. aureus as described above and 

spun down at 8000 rpm for 5 minutes to ensure removal of cells. Primary (azurophilic) 

granule exocytosis was measured by neutrophil elastase activity assay. Supernatants were 

incubated at 37°C overnight with equal volume of the colorimetric substrate N-

methoxysuccinyl-ala-ala-pro-val p-nitroanilide (1 mM), and the reaction was read at A405. 

Concentration of neutrophil elastase in samples was calculated based on a standard curve 

generated from recombinant neutrophil elastase.

Sandwich ELISAs for lactoferrin and MMP9 were used to measure secondary (specific) and 

tertiary (gelatinase) granule release, respectively. Antibody pairs for lactoferrin (capture: 

265-1K1 and detection: HRP conjugate) and MMP9 (capture: IA5 and detection: 

biotinylated IIA5) were obtained from Thermo Fisher, and corresponding recombinant 

proteins were used as standards.

Zymograms were performed according to manufacturer (Invitrogen) instructions by 

separating samples on Novex 10% Zymogram Gelatin Protein gels, using renaturing buffer 

to renature proteins in the gel and developing buffer allowing digestion of gelatin to proceed 

overnight at 37°C. Areas of digested gelatin were visualized by Coomassie staining.

Western blotting

Neutrophil lysates were obtained from neutrophils infected with S. aureus as described 

above, incubated for 10 minutes at 37°C. Supernatant was aspirated from wells and lysis 

buffer (50 μL/well) was added to wells while the plate was on ice. Samples were stored at 

−80°C until use.

For SDS-PAGE, lysates were diluted in 6X sample buffer (0.5 M Tris, 10% SDS, 30% 

glycerol, 0.6M DTT, 0.012% bromophenol blue) and boiled for 10 minutes. After 

electrophoresis, proteins were transferred onto nitrocellulose membranes and blocked for 

one hour (Odyssey blocking buffer, Licor). Membranes were probed with antibodies for 

phospho-ERK1/2 (9101), total ERK1/2 (9102), phospho-p38 MAPK (9211) or phospho-

ATF-2 (9221) from Cell Signaling Technology or Actin (ab8227) from Abcam. 

Corresponding secondary antibodies (anti-rabbit 680LT or anti-mouse 800CW; Licor) were 

added. Membranes were stripped and reprobed as needed to assess multiple targets. 

Immunoblots were imaged using a Licor scanner.
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Immunofluorescence and confocal microscopy

For immunofluorescence by confocal microscopy, neutrophils were seeded on acid washed 

coverslips that were treated with Coating Buffer and placed in 24 well plates as described 

(26). Neutrophils were infected with S. aureus as described above and incubated at 37°C for 

1 minute, supernatant was removed and cells were fixed with 4% paraformaldehyde at room 

temperature for 10 minutes. Cells were permeabilized with 0.1% Triton-X 100 for 10 

minutes at room temperature and cells were stained with Alexa Fluor 488-phalloidin 

(Invitrogen) according to manufacturer instructions. After counterstaining with DAPI, 

coverslips were mounted with Prolong Gold (Invitrogen).

Confocal images were collected using a Leica DMI8000 confocal microscope (Leica 

Microsystems) enabled with 63× oil immersion objective NA 1.4. Images were acquired 

using constant laser intensity for Argon Laser and 488 nm wavelength for Alexa fluor 488. 

Photons were collected using constant photomultiplier electronic gain between the samples 

to quantify the differences in absolute fluorescence intensity levels from different conditions. 

Twenty-five fields of view from each condition were collected in an unbiased manner using 

an automated tiling method. Acquired images were further analyzed using Imaris image 

processing software (Bitplane USA) to quantitate the absolute total fluorescence intensity 

per cell. Cumulative intensity calculated from 25 fields of view were plotted as average 

mean intensity normalized to total number of cells.

Live imaging

For live imaging of neutrophils, Nunc Lab-Teck II Chambered Coverglass (8 well, 

ThermoFisher) was coated with Coating Buffer as described previously, and neutrophils 

were seeded at 5×105 cells/well. The slide was placed inside a heated chamber (37°C) on a 

Leica AF 6000 LX microscope, stimulations were added (GFP-expressing S. aureus with 

100 ng/mL IL-8 +/− 10 ng/mL IL-20). Images were taken in three locations in each chamber 

every minute for at least 30 minutes.

Data Analysis

All data are shown as means ± SEM and are representative or compiled from at least three 

separate experiments using blood from different donors. Statistical differences were 

analyzed by t-test or Two-way ANOVA using GraphPad Prism 7 software.

Results

Human neutrophils express IL-20RB when activated

To assess IL-20 receptor expression on human neutrophils, we first examined neutrophils 

isolated from peripheral whole blood of healthy volunteers. Detection of each receptor chain 

(IL-20RA, IL-22RB, and IL-20RB) by flow cytometry revealed expression of IL-22RA on a 

proportion of neutrophils that varied between donors (Figure 1A). In contrast, there was 

little to no IL-20RA and IL-20RB detected on peripheral blood neutrophils (Figure 1A).

Since neutrophils harbor receptors in their granules and alter cell surface expression of 

receptors upon migration to a site of inflammation or infection (27, 28), we extended our 
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evaluation to include neutrophils that had extravasated from circulation in vivo in response 

to an inflammatory stimulus. To do this, we harvested neutrophils recruited into suction 

blister chambers on healthy volunteers that contained saline or lethally irradiated strains of 

S. aureus. These extravasated neutrophils displayed altered expression of IL-20 receptor 

chains compared to those in peripheral blood. Compared to each donor’s own peripheral 

blood neutrophils, a lower frequency of their blister neutrophils displayed IL-22RA and a 

higher frequency displayed IL-20RB (Figure 1B). Extravasation into the saline-containing 

blister chamber accounted for most of the alteration in receptor expression, but exposure to 

S. aureus seemed to further alter expression in some donors (Figure 1B).

To determine whether migration of neutrophils toward infected epithelial cells in vitro could 

mimic the IL-20R expression pattern seen in the in vivo blister studies, we infected human 

bronchial epithelial (BEAS2b) cells with S. aureus. Neutrophils were then allowed to 

migrate for three hours across a semi-permeable transwell membrane into the well 

containing the infected epithelial cells. The migrated neutrophils had significantly 

upregulated IL-20RB and downregulated IL-22RA compared to peripheral blood neutrophils 

(Figure 1C). Low levels of migration to uninfected cells occurred, but did not significantly 

alter receptor expression (Figure 1C). Migration toward infected cells appeared to be a key 

trigger for this pattern of receptor expression, as incubating adherent neutrophils with sterile 

filtered supernatant from infected cells similarly reduced IL-22RA expression but did not 

alter IL-20RB expression (Figure 1C).

Neutrophils encounter and respond to cytokines released at sites of inflammation. IL-8 is an 

important neutrophil chemoattractant, and incubation with TNFα is known to ‘prime’ 

neutrophils and enhance their subsequent functionality (8, 13). To mimic migration induced 

by IL-8 and determine whether this induced changes in IL-20 receptor chain expression, 

neutrophils were allowed to migrate across a semi-permeable transwell insert into wells 

containing either recombinant human (rh) IL-8 alone or rhIL-8 with S. aureus. Migration to 

rhIL-8 caused a significant reduction in IL-22RA expression, but no significant change in 

IL-20RB. Migration across the transwell membrane toward S. aureus induced both a 

significant increase in IL-20RB expression and a decrease in IL-22RA, and this was not 

further altered by concurrent administration of rhIL-8 (Figure 1D). Priming of neutrophils 

by direct incubation with TNFα similarly reduced the frequency of IL-22RA+ cells and 

increased the frequency of IL-20RB+ cells (Figure 1E). Direct incubation with S. aureus did 

not alter IL-20RB surface expression in unprimed neutrophils, but further augmented it in 

those primed with TNFα (Figure 1E). IL-20RA expression was examined separately since 

detection antibodies for IL-20RA and IL-22RA were both generated in rabbits and could not 

be used together. IL-20RA was detected in a low frequency of peripheral blood neutrophils 

(Figure 1), and was further downregulated by IL-8 or TNFα (Supplemental Figure 1). Taken 

together, these results indicate that human neutrophils modulate their expression of the IL-20 

receptor chains IL-22RA and IL-20RB. Downregulation of IL-22RA seems to be a common 

response to migration, inflammatory cytokines, and bacteria. In contrast, induction of 

IL-20RB appears to be part of a more stringently controlled neutrophil response to infection, 

as it was stimulated only by S. aureus-induced migration or infection of TNFα-primed 

neutrophils.
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IL-20 inhibits killing of S. aureus by TNFα-primed neutrophils in vitro

Since priming of neutrophils with TNFα modulated their IL-20 receptor expression, we 

evaluated whether this altered neutrophil responsiveness to IL-20. TNFα is known to 

enhance multiple bactericidal mechanisms in neutrophils (8, 13). Consistent with this, fewer 

colony forming units (CFU) of S. aureus were recovered in the presence of TNFα-primed 

neutrophils (Figure 2A, right panel) compared to unprimed neutrophils (Figure 2A, left 

panel). Addition of IL-20 significantly increased CFU recovered from TNFα-primed 

neutrophils at 2 and 4 hours post-infection (Figure 2A, right panel). Production of reactive 

oxygen species (ROS) is a major mechanism utilized by neutrophils to kill staphylococci (2). 

Total ROS production was evaluated using luminol, which generates luminescence when 

reacting with ROS. Measurements were taken every four minutes for four hours and showed 

no significant difference in ROS production mediated by IL-20 in unprimed or TNFα-

primed neutrophils (Figure 2B).

To investigate the potential involvement of pathways other than ROS production on 

inhibition of bactericidal activity by IL-20, we next assessed the effect of IL-20 on 

phagocytosis of S. aureus by neutrophils, an actin-dependent process essential for 

intracellular killing (2, 11). We used a gentamicin protection assay to assess phagocytosis. In 

this assay, extracellular bacteria are killed by gentamicin treatment and the detectable CFU 

reflect phagocytosed intracellular bacteria. By one hour after infection, IL-20 exposure 

lowered the percentage of intracellular S. aureus recovered from TNFα-primed neutrophils 

(Figure 2C), suggesting impairment of phagocytosis by IL-20. Inhibition of phagocytosis, 

using the actin polymerization inhibitor cytochalasin D (12), abrogated killing activity of 

TNFα-primed neutrophils whether or not IL-20 was present (Figure 2D). Addition of DNase 

to inhibit formation of neutrophil extracellular traps (NETs) (29), an extracellular 

mechanism of killing, partially inhibited killing by TNFα-primed neutrophils, but a 

significant difference in killing attributable to IL-20 remained (Figure 2D). Taken together, 

these results suggest that IL-20 does not directly inhibit ROS- and NET-based killing 

mechanisms but may inhibit phagocytosis-mediated uptake needed for killing of bacteria by 

neutrophils.

IL-20 inhibits exocytosis of tertiary (gelatinase) granules

Because IL-20 has been previously reported to affect actin polymerization in endothelial 

cells (30), we hypothesized that IL-20 may affect other actin-mediated processes in 

neutrophils in addition to the effects on phagocytosis observed above. Neutrophil granule 

exocytosis in response to bacteria or other activating stimuli requires translocation to the 

plasma membrane via actin remodeling (12). Primary, secondary, and tertiary granules each 

contain different compositions of proteases, antimicrobial peptides, and other proteins that 

contribute to their distinct functional roles in the response to infection (28, 31). Exocytosis 

of each granule population occurs in a hierarchical manner dependent on differential 

association with actin (32).

To evaluate whether IL-20 affects this actin-mediated process, we measured the release of 

protein markers for each granule population in supernatants of neutrophils that were infected 

with S. aureus in vitro. IL-20 did not affect the concentration of neutrophil elastase and 
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lactoferrin, markers of primary and secondary granules, respectively (Figure 3A–B). Matrix 

metalloproteinases (MMPs), also called gelatinases, comprise the predominant protein 

population in tertiary granules (28, 31). We evaluated the activity of gelatinases in neutrophil 

supernatants by gelatin zymography, where the clearing of gelatin in polyacrylamide gels is 

visualized by Coomassie stain. IL-20 reduced gelatinase activity in the supernatants of 

TNFα-primed neutrophils that were infected with S. aureus (Figure 3C). The concentration 

of the tertiary granule protein MMP9 was also significantly reduced after exposure of 

infected neutrophils to IL-20 (Figure 3D). The reduced levels of gelatinase activity and 

MMP9 in supernatants of neutrophils that were treated with IL-20 suggests that the release 

of tertiary granules is inhibited by IL-20. Since tertiary granules are more highly associated 

with actin than primary and secondary granule populations, the inhibition of their release 

implies modulation by IL-20 of actin dynamics in neutrophils during in vitro infection with 

S. aureus.

Inhibition of phagocytosis and tertiary granule exocytosis by IL-20 is mediated by ERK1/2

IL-20 has been reported to activate STAT3, p38 MAPK, or ERK 1/2 in different cell types 

(20, 22, 24, 30, 33). After exposure of neutrophils to IL-20, we found STAT3 

phosphorylation to be minimal and inconsistent (not shown). Treatment of neutrophils with 

signaling inhibitors for p38 MAPK (SB 202190) or ERK1/2 (PD 98059) was used to 

identify if either of these were involved in IL-20-mediated inhibition of bacterial killing or 

granule exocytosis in TNFα-primed neutrophils. Western blot of lysates obtained from 

neutrophils that were incubated with S. aureus and TNFα for 10 minutes showed 

phosphorylation of ERK 1/2 that was augmented by IL-20, and this phosphorylation was 

inhibited by pretreatment with PD 98059 (Figure 4A). Phosphorylation of p38 MAPK by 

TNFα was detected, and was not affected by IL-20 (Figure 4B). The inhibitor SB 202190 

does not inhibit p38 MAPK phosphorylation directly, but inhibits activation of its 

downstream targets, including ATF (34); accordingly, this inhibition was confirmed by 

Western blot (Figure 4B).

To determine whether ERK1/2 activation by IL-20 was required for the observed inhibitory 

effects of this cytokine, bacterial killing and phagocytosis were evaluated as before using 

neutrophils treated with SB 202190 or PD 98059. Inhibition of ERK1/2 by PD 98059 

abrogated the IL-20-mediated differences in bacterial killing and phagocytic uptake by 

TNFα-primed neutrophils (Figure 4C and 4D). Additionally, when ERK1/2 was inhibited, 

IL-20 treated neutrophils displayed similar levels of tertiary granule release, as indicated by 

gelatin zymography and measurement of MMP9 in supernatants of TNFα-primed 

neutrophils that were infected with S. aureus in vitro (Figure 4E and 4F). Taken together, the 

enhanced phosphorylation of ERK1/2 observed in the lysates of IL-20 treated neutrophils 

and restoration of phagocytosis and tertiary granule release in PD 98059-treated neutrophils 

indicates that the inhibitory effects of IL-20 are dependent on ERK1/2 activation.

IL-20 inhibits neutrophil migration in vitro

Neutrophils have a hierarchical response to multiple signals that allows them to reach a site 

of infection and arrest movement at the point of threat, be it wound or infection (44, 47). 

Actin dynamics that establish polarization and pseudopod extension and other 
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morphological changes are a critical component of neutrophil migration (37, 38). To 

determine whether IL-20 affects this actin-mediated process, neutrophils were exposed to 

various stimuli in transwell migration assays.

The aforementioned BEAS2b cells produce IL-20 and IL-8 in response to infection with S. 
aureus (Supplemental Figure 2). Supernatants from these cells were obtained 4 hours post-

infection and sterile filtered. The supernatants were then depleted of IL-20 by 

immunoprecipitation. Migration through a semi-permeable transwell membrane to the 

IL-20-depleted supernatant was significantly increased relative to untreated or isotype 

control-treated supernatant, and addition of IL-20 to the depleted supernatant returned 

migration to the lower levels seen with intact supernatant (Figure 5A). In this system, 

inhibition of ERK1/2 but not p38 increased migration to levels similar to that seen with 

IL-20 depletion and this was not further affected by IL-20 depletion or repletion (Figure 

5B). Addition of IL-20 also inhibited migration of neutrophils toward recombinant IL-8 

(Figure 5C). Inhibition of ERK1/2 did not affect migration induced by IL-8, but abrogated 

the inhibition of migration by IL-20 (Figure 5C). Specific activity of the ERK1/2 inhibitor 

was verified in infected neutrophils treated with IL-8 +/− IL-20 (Figure 5D).

The effects of IL-20 on migration were confirmed using time lapse microscopy of 

neutrophils seeded onto coverglass slides in chambers that were infected with S. aureus in 

media alone or media supplemented with IL-8 or IL-8+IL-20. Neutrophils in the presence of 

IL-20 began to arrest movement at approximately 15 minutes, while the neutrophils in the 

other chambers continued their movement (Supplemental Videos 1–3). The transwell 

migration assays and time lapse microscopy show that IL-20 inhibits neutrophil migration, 

and this inhibition is dependent on activation of ERK1/2.

IL-20 modulates actin polymerization in neutrophils

Changes to the actin cytoskeleton drive the neutrophil processes affected by IL-20 in the 

studies above (phagocytosis, granule exocytosis, and migration). To directly assess the effect 

of IL-20 on the actin cytoskeleton in neutrophils, polymerized actin (F-actin) was visualized 

by phalloidin staining and confocal microscopy of infected neutrophils treated with IL-8, 

TNFα, or IL-20 for 1 minute. Morphological changes with increased peripheral polarization 

of F-actin attributable to IL-20 was observed in neutrophils treated with either IL-8 or TNFα 
and was especially prominent in those treated with TNFα (Figure 6A). For each condition, 

an automated tiling method was used to unbiasedly collect 25 fields of view that were then 

used for fluorescence quantification to compare levels of F-actin. IL-8- and TNFα-primed 

neutrophils infected with S. aureus had significantly increased F-actin content when treated 

with IL-20, while those infected with S. aureus alone responded to IL-20 with significantly 

reduced levels of F-actin (Figure 6B). These results identify that IL-20 modifies F-actin 

content and organization in S. aureus-infected human neutrophils, consistent with the 

observed effects of IL-20 on actin-mediated processes such as phagocytosis, granule 

exocytosis, and migration.
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Discussion

Neutrophil function is modulated by the cytokines and chemokines encountered during 

infection. Prior work by our lab in a model of S. aureus skin infection identified anti-

inflammatory effects of IL-20 receptor signaling that included diminished recruitment of 

neutrophils to infected lesions in mice (19). IL-20 has been reported to similarly inhibit 

neutrophil recruitment in a mouse model of corneal wound healing (48). These studies 

focused on the impact of IL-20 on neutrophil recruitment by epithelial cells, recognized 

targets of this cytokine in models of psoriasis and wound healing (1, 7–8, 17–18). However, 

analyses of synovial fluid neutrophils from patients with rheumatoid arthritis have suggested 

neutrophils may directly respond to this cytokine (23, 24). Our current study identifies the 

ability of inflammatory and infectious stimuli to induce receptor expression on human 

neutrophils in a manner that allows IL-20 to directly target these cells and influence their 

anti-bacterial and inflammatory properties.

Two IL-20 receptors have been reported, comprised of a common IL-20RB chain that forms 

a heterodimer with either IL-20RA (Type I) or IL-22RA (Type II) (20, 21). Both receptors 

have been found on epithelial cells (20, 22), but their expression on leukocytes has been less 

well characterized. RT-PCR data has shown expression of IL-20RB alone on peripheral 

blood mononuclear cells, B cells, T cells, and NK cells (23, 24). IL-20RB expression has not 

been reported on neutrophils, but IL-20RA and IL-22RA receptor chains have been detected 

by flow cytometry on synovial membranes and synovial fluid cells, including neutrophils, 

from patients with rheumatoid arthritis (23, 24), suggesting that the expression of these 

receptors may be regulated by environmental cues.

In the present study, freshly isolated peripheral blood neutrophils expressed detectable 

IL-22RA on their surface but did not express IL-20RA or IL-20RB. We found that 

expression of IL-20RB, common to both Type I and Type II IL-20 receptors, was 

upregulated in response to migration from circulation in vivo or stimulation with S. aureus 
and pro-inflammatory host factors in vitro. These same conditions caused a decrease in 

IL-22RA expression, indicating a possible balance between IL-20 receptor and IL-22 

receptor signaling since IL-22RA is used by both. Because detection of both IL-20RA and 

IL-22RA depended on rabbit antibody reagents, we were limited in our ability to determine 

co-expression of IL-20RA but found that its expression on neutrophils was low and was 

further decreased on infected neutrophils after priming with TNFα. Expression of IL-20RB 

correlated with responsiveness of neutrophils to IL-20, suggesting that IL-20RB imparted its 

function by pairing with low levels of IL-22RA or IL-20RA. However, we cannot rule out 

the possibility that IL-20 signals through a non-canonical receptor in neutrophils.

Consistent with utilization of JAK-STAT signaling pathways by the Class II cytokine 

receptor family (16, 42–43), IL-20 receptor signaling has been described to involve STAT3 

in epithelial cells (19–20, 22). Involvement of p38 MAPK and ERK1/2 has also been 

reported in dendritic cells and endothelial cells, respectively (30, 33). Furthermore, IL-20 

has been shown to activate ERK1/2 in rheumatoid arthritis synovial fibroblasts (24). We 

detected inconsistent and minimal phosphorylation of STAT3 in neutrophils in response to 
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IL-20, and show that activation of ERK1/2 occurs in neutrophils and is required for the 

functional effects of IL-20 observed during infection in vitro.

We found that IL-20 affected multiple actin-mediated functions in activated neutrophils. 

Although it did not affect ROS production or NET-mediated killing of S. aureus, IL-20 did 

inhibit phagocytic uptake of staphylococci and tertiary granule exocytosis by TNFα-primed 

neutrophils. It also inhibited neutrophil migration in response to the chemotactic factor IL-8, 

as well as the supernatant from S. aureus-infected epithelial cells. Our observed inhibitory 

effects on neutrophil migration are consistent with decreased neutrophil accumulation 

reported in in vivo models (19, 48), but contrast with the reported ability of IL-20 to directly 

induce neutrophil chemotaxis in vitro (24). These discrepancies may reflect differential 

neutrophil activation states that are determined by environmental cues. We suggest that the 

inhibition of neutrophil function seen in our in vitro models mimicking infection with S. 
aureus is linked to the altered polymerization of actin seen by confocal microscopy of 

neutrophils after exposure to IL-20, since phagocytosis (44), tertiary granule exocytosis (12, 

28), and migration (10) all require dynamic actin rearrangement.

The observed inhibitory effects of IL-20 on the neutrophil responses to infection are 

consistent with the anti-inflammatory properties of this cytokine on epithelial cells during 

cutaneous staphylococcal infection (19). Further verification in appropriate infectious and 

inflammatory models will be needed to confirm the inhibitory nature of IL-20 activity on 

neutrophil function during infection in vivo. This may be complicated because of differences 

between mouse and human neutrophils (45–46), and the preferential expression of IL-20 by 

human cells compared to the tendency of murine cells to secrete IL-19 and IL-24 instead 

(19). However, taken together with previous reports of IL-20 function, our results support an 

overall homeostatic role for IL-20 that promotes epithelial proliferation and function while 

potentially dampening inflammatory tissue destruction by activated neutrophils.
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Figure 1. Human neutrophils express IL-20RB when activated
(A) Detection of indicated IL-20 receptor chains on live neutrophils isolated from peripheral 

whole blood. Flow cytometry histograms from a representative donor (left) and summary 

data from multiple donors of percentage of neutrophils staining positive for each receptor 

chain (right) are shown. (B) Detection of IL-20R receptor chains on live neutrophils that 

extravasated from circulation into suction blisters induced on healthy volunteers. The suction 

blisters contained saline or killed S. aureus (SA1 or SA2, two distinct clinical isolates). Flow 

cytometry dot plots from a representative blister subject (left) and summary data from 

multiple subjects (right, each line connects data from a unique subject, n=6) are shown. (C–

E) Healthy donor-derived peripheral blood neutrophils were assessed for IL-20R chain 

expression after exposure to indicated conditions in vitro. In (C), neutrophils were stained 

directly after isolation (peripheral blood), after migration across transwell inserts to 

uninfected or S. aureus-infected BEAS2b cells, or after adherence and exposure to 

supernatant from S. aureus-infected BEAS2b cells (adherent+sup). In (D), neutrophils were 

stained directly after isolation (peripheral blood) or after migration across transwell inserts 

into wells containing IL-8 (100 ng/ml), S. aureus (2×106 CFU/well), or both. In (E), 

neutrophils were incubated in media (unprimed) or primed with TNFα (10 ng/ml, 30 

minutes) and then incubated for 1 hour in the absence or presence of S. aureus (Sa, 1×106 

CFU/well=MOI 1). Data show mean frequency of live CD66b+ cells that express indicated 

receptor chains from three healthy volunteers (C–D), or fold-change in frequency of 

receptor-positive cells relative to unprimed neutrophils in 6 healthy volunteers (E). Error 

bars reflect SEM. *p< 0.05, **p<0.01, ***p<0.001 compared to peripheral blood (C–D) or 

unprimed (E) neutrophils.
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Figure 2. IL-20 inhibits killing of S. aureus by TNFα-primed neutrophils in vitro
(A) Bacterial CFU recovered from adherent peripheral blood neutrophils that were unprimed 

(left panel) or primed with TNFα (10 ng/mL, 30 min, right panel) and then incubated with 

S. aureus (MOI 1) in the presence or absence of IL-20 (50 ng/mL) for the indicated time. 

Data shown are the mean of results from seven donors with each donor assayed in 

quadruplicate. (B) ROS detected by luminescence of luminol (1 mM) added to wells with 

neutrophils that were treated as described in (A). Conditions were performed in triplicate 

and measurements were taken every 4 minutes; data shown as mean +/− SEM of results 

from four donors. (C) Neutrophils were incubated with S. aureus +/− IL-20 after priming 

with TNFα as described in (A). Gentamicin was added at the indicated time points after 

infection to kill extracellular bacteria and CFU were enumerated. Data shown as percent of 

S. aureus remaining compared to average of total S. aureus present in duplicate gentamicin-

untreated wells and reflect mean +/− SEM of results from four donors. (D) Neutrophils 

primed with TNFα and then incubated with S. aureus (MOI 1) +/− IL-20 as described in 

(A), in the absence or presence of cytochalasin D (10 μg/mL) or DNase (10 U/mL). CFU 

was determined in quadruplicate for each sample at 4 hours post-infection. Data shown are 

mean +/− SEM of results from three donors. For (A) and (C–D): **p<0.01, ***p<0.001 

compared to unprimed (A, left) or TNFα-primed (A, right; C–D) neutrophils.
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Figure 3. IL-20 inhibits exocytosis of tertiary (gelatinase) granules
(A) Concentration of neutrophil elastase (primary/azurophilic granule marker) in 

supernatants from human neutrophils, incubated with S. aureus MOI 1 for indicated times, 

measured by reaction with colorimetric substrate, calculated using standard of known 

concentration. (B) Lactoferrin concentration, marker for secondary (specific) granules, 

measured by ELISA of neutrophil supernatants. Data shown in (A) and (B) as mean +/− 

SEM from three healthy donors. (C) Gelatin zymography of supernatants from neutrophils 

infected for indicated times with S. aureus (MOI 1). Results shown are representative of 

neutrophils from four independent healthy donors. (D) Concentration of MMP9, marker for 

tertiary (gelatinase) granule release, in supernatants of neutrophils infected for indicated 

times with S. aureus (MOI 1) +/− IL-20. Data shown as mean +/− SEM from four healthy 

donors. ***p<0.001 compared to TNFα+IL-20-treated neutrophils by Two-way ANOVA.
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Figure 4. Inhibition of phagocytosis and tertiary granule exocytosis by IL-20 is mediated by 
ERK1/2
(A–B) Western blot of lysates of neutrophils that were treated with the indicated inhibitors 

and infected/stimulated with S. aureus and TNFα +/− IL-20 for 10 minutes. Results shown 

are representative of neutrophils from 3 healthy donors. (C) S. aureus CFU recovered from 

adherent peripheral blood neutrophils that were treated with the indicated inhibitors and then 

incubated with S. aureus (MOI 1) and TNFα (10 ng/mL) in the presence or absence of 

IL-20 (50 ng/mL) for four hours. (D) Neutrophils were treated with indicated inhibitors and 

incubated with S. aureus and TNFα +/− IL-20 as described in (B). Gentamicin was added at 

the indicated time points after infection to kill extracellular bacteria and CFU were 

enumerated. Data shown as percent of S. aureus remaining compared to average of total S. 
aureus present in duplicate gentamicin-untreated wells. (E) Gelatin zymography of cell free 

supernatants from neutrophils incubated with for one hour with S. aureus (MOI 1) and 

TNFα +/− IL-20 after treatment with indicated inhibitors. Results shown are representative 

of neutrophils from three healthy donors. (F) Concentration of MMP9 in supernatants of 

neutrophils infected for one hour with S. aureus (MOI 1) +/− IL-20 after priming under 

indicated conditions. For (C), (D), and (F), data shown reflect mean +/− SEM of results from 

three donors, and *p<0.05, **p<0.01, ***p<0.001 by t test.

Gough et al. Page 19

J Immunol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. IL-20 inhibits neutrophil migration in vitro
(A) 1.5×106 peripheral blood neutrophils were placed in the upper chamber of transwell 

plates. After 3 hours, the number of cells that migrated across the transwell insert to lower 

chambers was counted using a hemacytometer. The lower chambers contained media or 

supernatants from human bronchial epithelial (BEAS2b) cells that had been infected with S. 
aureus (MOI 2) for 4 hours, sterile-filtered, and then subjected to immunoprecipitation with 

isotype control or IL-20 antibody. Under some conditions (αIL-20+IL-20), recombinant 

IL-20 (10 ng/mL) was added back to supernatant after IL-20 immunoprecipitation. (B) 

Neutrophils were treated with indicated inhibitors and stimulated to migrate across a 

transwell chamber as in (A). (C) Neutrophils untreated or treated with indicated inhibitors 

and stimulated to migrate across transwell inserts for 1 hour to wells containing S. aureus 
(2×106 CFU/well) + IL-8 (100 ng/mL) alone or with IL-20 (10 ng/mL). (D) Western blot of 

lysates from neutrophils, untreated or treated with indicated inhibitors, infected with S. 
aureus (MOI 1) and stimulated with IL-8 alone or with IL-20 for 10 minutes. For A–C, data 

shown reflect mean +/− SEM of results from three donors, and *p<0.05, **p<0.01 by t test.
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Figure 6. IL-20 modulates actin polymerization in neutrophils
(A) Representative confocal microscopy images of neutrophils incubated with indicated 

stimulation for 1 minute (Sa, S. aureus 2×106 CFU/well; IL-8, 100 ng/mL; TNFα, 10 ng/

ml). Green, Alexa Fluor 488-phalloidin; blue, DAPI. (B) Quantification of Alexa Fluor 488-

phalloidin fluorescence intensity per cell from analysis of 25 fields of view per condition 

that were generated by an automated tiling method and normalized to the total number of 

cells across all images with standard deviation. Data is representative of results from three 

different donors. ***p<0.001 by t test.
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