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Abstract

es. Objectiv Juvenile idiopathic arthritis (JIA) is the most common rheumatic disease in childhood. 

ominant subtypes, oligoarticular (oligo) and polyarticular (poly) JIA, are traditionally The pred i.e.

d to be autoimmune diseases with a central role for T cells and autoantibodies. Mounting considere

suggests an important role for neutrophils in JIA pathogenesis. Here, we investigated the evidence

ical features of neutrophils present in the blood and inflamed joints of patients.phenotyp

. Methods Synovial fluids and parallel blood samples from JIA patients and blood samples from 

children  were collected.  Synovial  fluid-treated healthy  donor  neutrophils and  pleural healthy 

ils from patients with pleural effusion were investigated as controls for synovial fluid neutroph

and extravasation. Multicolor flow cytometry panels allowed for in-depth phenotypical exposure

of neutrophils, focusing on the expression of adhesion molecules, activation and analysis 

n markers and chemoattractant receptors. Multiplex technology was exploited to quantify maturatio

s in plasma and synovial fluids.cytokine

Results. Synovial fluid neutrophils displayed an activated, hypersegmented phenotype with 

d CD62L expression, upregulation of adhesion molecules CD66b, CD11b and CD15 and decrease

ulation of CXCR1/2. An elevated percentage of CXCR4 positive neutrophils was detected downreg

ial fluids from patients. Pleural neutrophils showed less pronounced maturation in synov

es. Strikingly, significant percentages of synovial fluid neutrophils showed a profound differenc

tion of atypical neutrophil markers, including CXCR3, ICAM-1 and HLA-DR.  upregula

ion. Conclus Our data show that neutrophils in inflamed joints of JIA patients have an activated 

e.  This  detailed molecular  analysis  supports  the notion  that  a complex  intertwining phenotyp

these innate immune cells and adaptive immune events drives JIA. between 

ds:Key wor juvenile idiopathic arthritis, neutrophil, cytokines, chemokines, adhesion molecule
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Introduction

venile idiopathic arthritis (JIA) is the most common rheumatic disease in childhood and Ju

tant cause of disability if patients are not treated appropriately (1). By definition, JIA an impor

presents with peripheral joint inflammation of unknown origin, persisting for at least six clinically

d starting before 16 years of age. The disease is categorized into distinct subclasses, with weeks an

ular (oligo) and polyarticular (poly) JIA being most prevalent. Apart from the number of oligoartic

joints  during the  first  six months  of  disease,  some mechanistic  and immunological inflamed

exists between these two JIA subtypes. Consistently, there is growing consensus that overlap

and in particular, rheumatoid factor negative polyJIA may represent a continuum of a oligoJIA

sease entity rather than distinct diseases. Oligo- and polyJIA are traditionally considered single di

ultifactorial autoimmune diseases that presumably start when a rather innocuous to be m

ental trigger evokes an autoreactive insult in genetically predisposed individuals (2,3). environm

ng association with HLA variants and profound accumulation of Th1 cells in affected The stro

derline the pivotal role of the adaptive immunity in these JIA subtypes (1,4). joints un

less, the full spectrum of immune-pathological manifestations observed in patients most Neverthe

volves both innate and adaptive immunity (4,5). Previous research efforts showed that likely in

l blood neutrophils from JIA patients display transcriptional abnormalities and remain in periphera

ted state even during remission, suggesting a role for neutrophils in JIA pathophysiology an activa

is hypothesis is further supported by the presence of S100A12 in serum and synovial (6–8). Th

f patients (9). Neutrophils are armed with oxidative and non-oxidative defense fluids o

ms, including the capacity to release reactive oxygen species and the ability to engulf and mechanis

oreign material (phagocytosis) (10). These innate leukocytes were initially considered destroy f

d mere servile phagocytes, acting as non-specific pathogen exterminators only. With the simple an

ce of sophisticated technologies, a more refined model of neutrophil function has appearan

Mounting evidence suggests that neutrophils display phenotypical and functional evolved. 

neity and may contribute to the initiation, modulation and resolution of inflammation, heteroge

rectly or  indirectly via  instructing innate  as well  as adaptive  immune cells  (11–18). either di

r, strongly activated neutrophils may eventually acquire the capacity to present antigens Moreove

The precise phenotypical features of neutrophils from JIA patients, in particular those (19,20). 

n the synovial fluid of inflamed joints, are currently unknown. We therefore aimed to present i

ize extensively the circulating and synovial neutrophils from oligo- and polyJIA patients.character
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Patients & Methods

Patients

wenty-three JIA patients with a median age (range) of 11 (4-17) years and female/male T

5/8 were recruited at the University Hospital Leuven. Synovial fluid was collected only if ratio of 1

iration was required for treatment. Blood and synovial fluid samples were collected in BD joint asp

r tubes treated with ethylenediaminetetraacetic acid (EDTA) (BD Biosciences) and vacutaine

d within 30 min  of withdrawal. Pleural  fluids were  collected from  five patients  that processe

local aspiration with a median age (range) of 68 (41-81) and female/male ratio of 2/3 and required 

died as a control for neutrophil extravasation. In addition, blood samples were collected were stu

lve healthy children [median age (range) of 10 (4-18) years and female/male ratio of 7/5] from twe

teen adult volunteers [median age (range) of 28 (24-64) years and female/male ratio of and eigh

formed consent was obtained according to the ethical guidelines of the Declaration of 12/6]. In

Parents or legal guardians signed the informed consent on behalf of under-aged patients. Helsinki.

cs Committee of the University Hospital Leuven approved this study (S59874). Please The Ethi

Suppl. Table S1 for detailed characteristics of patients. Due to the limited volumes of refer to 

available from pediatric individuals, we were unable to use all samples for each set of samples 

nts and thus the numbers of patients and controls analyzed differ for some experiments. experime

flow cytometryCells and

he EasySep™ Direct Human Neutrophil Isolation Kit (Stemcell Technologies) was used T

val of erythrocytes from blood samples. Cells were treated with FcR block (Miltenyi for remo

nd  Fixable Viability Stain  620 (BD Biosciences) or  Zombie Aqua 516  (Biolegend), Biotec) a

by extracellular staining. Antibodies used in this study are listed in Suppl. Table S2 and followed

ated in-house. For intracellular staining of TLR9, cells were fixed and permeabilized were titr

Cytofix/Cytoperm kit (BD Biosciences), followed by staining with anti-human TLR9. using the

ere analyzed using a BD LSRFortessa™ X-20 (BD Biosciences) equipped with five Results w

r downstream analysis with FlowJo software, neutrophils were gated as CD16lasers. Fo +CD66b+

in the population of living cells that occurred as singlets only.cells with

e measurementsCytokin

Page 5 of 30Synovial fluid neutrophils from patients with juvenile idiopathic arthritis display a hyp...

15-12-2020https://onlinelibrary.wiley.com/reader/content/17620be3953/10.1002/art.41605/forma...



This article is protected by copyright. All rights reserved

Plasma and synovial fluid concentrations of interleukin IL-6, IL-10, IL-12/IL-23 

nit, IL-17A, IL-1 receptor antagonist (IL-1RA), tumor necrosis factor interferon p40 subu

granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-

ng factor (GM-CSF), macrophage colony-stimulating factor (M-CSF) and the chemokine stimulati

were determined using customized Meso Scale Discovery (MSD) multiplex technology. CXCL8 

limits of cytokine assays are shown in Suppl. Table S3.Detection

x vivoE stimulation of neutrophils

reshly isolated peripheral blood neutrophils from adult healthy donors were exposed to F

plasma from the original donor or cell-free JIA synovial fluid, with or without 2 µg/ml cell-free 

(ethanercept; Pfizer), 2 µg/ml (anakinra, Sobi) and/or 2 µ

ab, Roche). Alternatively, cells were diluted in [Roswell Park Memorial Institute 1640 (tocilizum

40) medium (Gibco) supplemented with 10% (v/v) fetal calf serum (FCS; Gibco) and 5 (RPMI16

-CSF (PeproTech)], in the presence or absence of 10 ng/ml 10 ng/ml or ng/ml GM

IL-6 (Peprotech), with or without 2 µg/ml of the corresponding cytokine inhibitor. Cells 10 ng/ml

ded in a 48-well plate at a final concentration of 2 x 10were see 6 cells/ml (total volume of 500 µl 

and placed at 37°C with 5% COper well) 2 for 3 to 24 hours. Subsequently, cells were used for 

phenotypical characterization by flow cytometry. Information on neutrophil survival extensive

ferent culturing conditions is included in Suppl. Fig. S1 and S2A.under dif

sStatistic

Wallis  with Dunn’s  multiple  comparisons tests  were performed  to detect  significant Kruskal-

es between the study groups. A p-value of 0.05 or less was considered significant. differenc

Results

cytokine levels in synovial fluids from JIA patientsElevated

o  explore  the  inflammatory  environment,  cytokine  measurements  were  performed in T

fluid samples from the affected joints and circulation of JIA patients. Circulating synovial 

values from healthy children were used for comparative purposes. Synovial fluids cytokine

significantly elevated concentrations of the pro-inflammatory cytokines IL-6, IL-contained

p40, and as compared to plasma samples from either patients or controls 12/IL-23

. In addition, some JIA patients displayed a tendency towards enhanced synovial levels of (Table 1)
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IL-17A but no  significant differences  were detected.  Concentrations of  the anti-inflammatory 

s IL-10 and IL-1RA were significantly increased in synovial fluids as compared to plasma cytokine

ations  from patients  or healthy  children. Interestingly,  the most  powerful neutrophil-concentr

chemokine in humans, CXCL8, was abundantly present in synovial fluids from JIA attracting i.e.

ut not in plasma samples from patients and controls. Quantification of M-CSF and GM-patients b

ealed that the concentration of these myelopoietic cytokines was significantly higher in CSF rev

fluids as compared to plasma samples from patients or controls. No significant alterations synovial 

concentrations were detected.in G-CSF

fluid neutrophils from JIA patients display a hypersegmented phenotypeSynovial

eutrophil maturation can be assessed based on the intensity of CD16 receptor III) N

2L (L-selectin) expression (21,22). Three distinct neutrophil subsets were described, and CD6 i.e.

CD16medCD62Lhigh immature neutrophils with a banded nucleus, CD16highCD62Lhigh mature 

ils containing three or accidentally four nuclear lobes and CD62Lneutroph low hypersegmented cells 

average a  larger  number of  nuclear  lobes. As  expected,  the majority  of  circulating with on 

ils isolated from the peripheral blood of patients and healthy donors were neutroph

CD16highCD62Lhigh mature  cells  (Fig. 1A;  Suppl.  Fig. S3A).  In  contrast,  most  neutrophils  in 

fluids displayed a hypersegmented character as evidenced by a significantly enhanced synovial 

e of CD62Lpercentag low cells (Fig. 1B; Suppl. Fig S3A). Noteworthy, patients with polyarticular 

ended to contain an increased percentage of CD62Ldisease t low cells in the circulation as well (Fig. 

increased percentage of CD62L1B). An low neutrophils was also detected in pleural fluids from 

with pleural effusion (Fig. 1B). However, in contrast to synovial neutrophils, the vast patients 

of pleural neutrophils retained a CD16majority highCD62Lhigh phenotype (Fig. 1A). 

CD16medCD62Lhigh immature neutrophils represented only a minor percentage of the total 

il population in blood, synovial and pleural fluids (Fig. 1C; Suppl. Fig. S3A). Analysis of neutroph

preparations confirmed the presence of hypersegmented neutrophils and the absence of cytospin 

cells in synovial fluids (Suppl. Fig. S3B). Synovial fluids and, to a lesser extent, pleural immature

t not blood samples from either patients or controls contained a significant population of fluids bu

expressing CD11bCXCR4- highCD62Llow neutrophils (Fig. 1D). This phenotype has been associated 

trophil aging (23). The observed shift towards the CD62Llow, CXCR4 positive with neu

e could be mimicked by exposing healthy donor neutrophils to either plasma from the phenotyp

nding donor or JIA synovial fluid during 24 hours, and was not neutralized by inhibitors correspo
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of and/or IL-6 (Fig. 1E-F). stimulation of healthy neutrophils with synovial Ex vivo

r 3 or 6 hours did not induce a similar phenotypical shift (Suppl. Fig. S2B-C). Cultured fluids fo

ils progressively reduced their CD16 expression to levels detected on immature cells as neutroph

previously (Suppl. Fig. S3C) (22).described

expression of adhesion and MHC class II molecules on synovial fluid neutrophils Altered 

patients from JIA

D66b (carcinoembryonic  antigen-related cell adhesion molecule  8) was significantly C

ted on synovial fluid neutrophils (Fig. 2A). CD62L shedding and upregulation of CD66b upregula

ark  features of  neutrophil  activation. Pleural  neutrophils  from  patients with  pleural are hallm

also displayed a tendency towards increased expression of CD66b (Fig. 2A). No effusion 

tion of CD66b was detected if healthy donor neutrophils were cultured in plasma from the upregula

or or JIA synovial fluid during 24 hours (Suppl. Fig. S2D; Suppl. Fig. S4A). The fact same don

6b was upregulated on synovial and pleural neutrophils, but not on synovial fluid-treated that CD6

onor neutrophils, may implicate that the observed phenotypical alteration is related to healthy d

tion (24). In addition to the activated phenotype, a notable percentage of synovial fluid extravasa

ils expressed the MHC class II surface receptor HLA-DR, indicating that these cells neutroph

the capacity to behave as professional antigen presenting cells (Fig. 2B). Pleural acquired

ils also displayed upregulation of HLA-DR but data did not reach statistical significance neutroph

). No significant upregulation of HLA-DR expression was observed on healthy donor (Fig. 2B

ils 24 hours after subcultivation in plasma or patient synovial fluids, suggesting that nor neutroph

ither exposure to a cell-free inflamed environment alone is sufficient to induce aging ne

tion of HLA-DR expression (Suppl. Fig. S2E; Suppl. Fig. S4B). upregula

he presence of surface adhesion molecules on neutrophils is essential for their interaction T

othelial cells and subsequent extravasation into inflamed tissues. Quiescent neutrophils with end

D11b (integrin express C M) and CD15 (sialyl Lewis X), that can be upregulated upon activation 

s of degranulation (25). As expected, CD11b and CD15 were present abundantly on by mean

ils in blood samples from patients and controls (Fig. 2C-D). Compared to circulating neutroph

eutrophils, the expression levels of the two major adhesion molecules on synovial patient n

ils were  significantly increased  (Fig. 2C-D). In contrast,  no significant  alterations of neutroph

nd CD15 expression were detected on pleural neutrophils (Fig. 2C-D). Healthy donor CD11b a

ils  stimulated  with synovial  fluids from  JIA  patients for  24  hours  were  featured by neutroph
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significantly lower surface levels of CD11b and CD15 (Suppl. Fig. S4C-D). However, a tendency 

enhanced CD11b and CD15 expression was detected if cells were treated with synovial towards 

3 hours, but data did not reach statistical significance (Suppl. Fig. S2F-G). fluid for 

he integrin subunit CD49d – that may play a role in neutrophil recruitment during T

tion (26) – was absent on most circulating neutrophils and a non-significantly enhanced inflamma

e of CD49d-expressing neutrophils was present in synovial and pleural fluids (Suppl. percentag

, left panel). Noteworthy, incubation of healthy donor neutrophils with synovial fluids Fig. S4E

patients – but not with plasma from the original donor – for 24 hours provoked a from JIA

nt upregulation of CD49d, suggesting that upregulation of CD49d occurs in response to significa

tion (Suppl. Fig. S2H; Suppl. Fig. S4E, right panel). The increased CD49d expression inflamma

ced with anti-TNF- and disappeared upon treatment with anti-IL-1 and/or anti-IL-6 was redu

ig. S4E, right panel). As expected, circulating neutrophils from patients and controls did (Suppl. F

ess intercellular adhesion molecule-1 (ICAM-1) (Fig. 2E, left panel). However, a not expr

nt portion of synovial fluid neutrophils was ICAM-1 positive (Fig. 2E, left panel). It was significa

ated previously that upregulation of ICAM-1 boosts neutrophil effector functions (27). A demonstr

for an increased percentage of ICAM-1 expressing neutrophils was found in pleural tendency

rikingly, incubation of healthy donor neutrophils with patient synovial fluids, but not with fluids. St

during 24  hours resulted in profound  upregulation of  ICAM-1, independently of the plasma, 

of and/or IL-6 inhibitors (Fig. 2E, right panel; Suppl. Fig. S2I).presence

chemoattractant and Toll-like receptor expression profile on synovial fluid Altered 

ils from JIA patients neutroph

nalysis  of CXCR1  and CXCR2  expression, both  high-affinity receptors  for  CXCL8, A

a significantly reduced expression level of CXCR1 and a trend towards downregulation revealed 

2 on synovial neutrophils from JIA patients but not on pleural neutrophils from patients of CXCR

ural  effusion (Fig.  3A-B, left panels). A  trend towards  decreased expression of  both with ple

was observed if peripheral blood neutrophils from JIA patients were compared to control receptors

. 3A-B, left panels). Analysis of healthy donor neutrophils following culturing in cells (Fig ex vivo

rom the same donor revealed spontaneous downregulation of CXCR1 and CXCR2 after plasma f

s, suggesting that the observed downregulation of the two receptors on synovial 24 hour

ils is related to aging (Fig. 3A-B, right panel; Suppl. Fig. S2J-K). A minor but significant neutroph

e of synovial fluid neutrophils stained positive for CXCR3 (Fig. 3C, left panel). CXCR3 percentag
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is not typically expressed by neutrophils but may be upregulated during severe inflammation. A 

ards increased levels of CXCR3 positive neutrophils was observed in pleural fluids, but trend tow

ficant differences were detected (Fig. 3C, left panel). Interestingly, upregulation of no signi

on healthy donor neutrophils was found if cells were exposed to synovial fluid from JIA CXCR3 

uring 24 hours (Fig. 3C, right panel; Suppl. Fig. S2L).patients d

ompared to blood neutrophils from healthy children, complement receptor C5aR was C

ntly less abundant on synovial fluid neutrophils from JIA patients (Fig. 4A, left panel). significa

utrophils from JIA patients displayed a trend towards downregulation of C5aR. Since Blood ne

internalized rapidly upon exposure to high ligand concentrations; downregulation of the C5aR is

at the protein level may indicate neutrophil activation. No alterations of C5aR expression receptor 

erved if pleural neutrophils were assessed. Synovial fluid neutrophils from JIA patients were obs

higher levels of the formyl peptide receptor FPR1 as compared to blood neutrophils exhibited

lthy children (Fig. 4B, left panel). Moreover, expression of FPR1 on pleural neutrophils from hea

ificantly increased as compared to blood neutrophils from healthy volunteers (Fig. 4B, was sign

l). Upregulation of FPR1, but not downregulation of C5aR, was mimicked if healthy left pane

utrophils were cultured in synovial fluids from JIA patients during 24 hours (Fig. 4A-B, donor ne

nels; Suppl. Fig. S2M-N). The leukotriene Bright pa 4 receptor BLTR1 was significantly 

ted on synovial fluid neutrophils – but not on synovial fluid-treated healthy donor cells –upregula

ared to blood neutrophils from JIA patients, (Fig. 4C; Suppl. Fig. S2O). Pleural as comp

ils also displayed significantly elevated BLTR1 expression (Fig. 4C, left panel). Synovial neutroph

trophils showed a moderate but significant upregulation of TLR2 (Suppl. Fig. S5A). A fluid neu

ards increased TLR4 and TLR6 expression, was observed on synovial fluid and blood trend tow

ils from JIA patients, but no significant differences were detected (Suppl. Fig. S5B-C). neutroph

ession level of TLR9 was similar in all study groups (Suppl. Fig. S5D). The expr

orrelations between phenotypical alterations of synovial neutrophils and local C

concentrationscytokine

orrelation studies were performed to evaluate potential associations between phenotypical C

istics of synovial neutrophils from JIA patients and the local cytokine concentrations. In character

we exposed healthy donor neutrophils to three prototypical pro-inflammatory cytokines addition,

relevant therapeutic targets in the context of JIA and present at high concentrations in that are 

fluids, IL-6 and (Table 1). Synovial levels of IL-6 (p = 0.0015) and ILsynovial i.e.
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1RA (p = 0.0014) and, to a lesser extent, (p = 0.0031) and CXCL8 (p = 0.0040), correlated 

y with the abundance of CD62Lpositivel low neutrophils in synovial fluids and tended to correlate 

ression of CXCR4 (Fig. 5). Nevertheless, CD62L shedding and upregulation of CXCR4 with exp

rred spontaneously if healthy donor cells were cultured in plasma from the same donor also occu

4 hours (Fig. 1E-F). Treatment with or IL-6 had no additional effects on CD62L during 2

and upregulation of CXCR4 by healthy donor neutrophils as compared to medium alone shedding

ig. S6A-B). Collectively, these results suggest that CD62L shedding and upregulation of (Suppl. F

expression presumably coincide with neutrophil aging in synovial fluids of JIA patients. CXCR4 

significant correlation between increased CD66b expression on synovial fluid A

ils from JIA patients and enhanced local concentrations of IL-6 (p = 0.0001), IL-10 (p = neutroph

CXCL8 (p = 0.0019) and (p = 0.0003) was uncovered (Fig. 5). Nevertheless, 0.0001), 

of healthy donor  neutrophils to  synovial fluids from  JIA patients, containing  high exposure

ations  of  these cytokines,  did  not provoke  upregulation  of  CD66b on  healthy  donor concentr

ils (Suppl. Fig. S4A). Likewise, stimulation of healthy donor cells with or IL-6 had neutroph

icant effect on the intensity of CD66b expression (Suppl. Fig. S6C). In contrast to cells no signif

ith IL-1 or IL-6, cells tended to exhibit elevated levels of CD66b treated w

Suppl. Fig. S6C). No effect of the three cytokines was observed on HLA-DR expression 0.0824) (

ophils  (Suppl. Fig.  S6D).  Moreover,  no significant  associations were  found between on neutr

n of CD11b, CD15, CD49d, ICAM-1, CXCR1/2/3, BLTR1, FPR1, C5aR and HLA-DR expressio

ial fluid neutrophils from JIA patients and the presence of a particular cytokine (Fig. 5). on synov

valuation of CD11b expression on healthy donor neutrophils 24 hours after stimulation E

or IL-6 revealed that but not or IL-6, induced with 

tion of CD11b (Suppl. Fig. S7A). As expected, the upregulation of CD11b upregula

ked upon administration of the inhibitor ethanercept. No significant changes in was bloc

n level of CD15 or CD49d and ICAM-1 positive cells were detected upon incubation expressio

or IL-6, although a trend towards increased ICAM-1 expressing neutrophils with 

d if cells were treated with or (Suppl. Fig. S7B-D). All three cytokines was foun

interfere with expression of chemoattractant receptors CXCR1, CXCR2 and FPR1 failed to

ig. S8A-C). In addition, stimulation of healthy donor neutrophils with or (Suppl. F

no significant effects on the percentage of CXCR3-expressing cells, although a trend IL-6 had

increased numbers of CXCR3 positive neutrophils was observed upon treatment with towards 
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(Suppl. Fig.  S8D). neutrophils  showed a  significant downregulation  of 

d a trend towards increased BLTR1 expression (Suppl. Fig. S8E-F). Both C5aR an

effects were blocked in the presence of ethanercept.mediated

onDiscussi

ligo- and polyJIA have long been assumed autoimmune diseases caused by dysregulation O

aptive immune system, with a central role for autoreactive T cells belonging to the Th1 of the ad

lineages and autoantigens that may include aggrecan, fibrillin, matrix metalloproteinase and Th17

and heat shock proteins (28–33). Nevertheless, the original T cell-centered hypothesis (MMP)-3

challenged since it does not cover nor completely explain the full spectrum of immune-has been

ical  phenomena  observed  in patients.  Moreover,  successful therapeutic  strategies  are patholog

n-specific (such  as corticosteroids,  methotrexate) or  rather target  downstream of  the either no

tory cascade just one inflammatory cytokine blockers, IL-6 blockade) or T cell inflamma

n (CTLA-4 Ig). interactio

ormer research efforts revealed that peripheral blood neutrophils from polyJIA patients F

ically activated cells featured by transcriptional abnormalities – including disruption of are chron

ulatory  networks in  clusters of  and CXCL8-modulated  genes  – even  during gene reg

(6,7). Moreover, a correlation was demonstrated between S100A12 serum levels and remission

ctivity (9). Interestingly, associations between effective medical treatment and extensive disease a

on of the neutrophil transcriptional profile were unveiled (8). These observations suggest modulati

rtant role  for neutrophils  in JIA  pathogenesis, spiking  our interest  to investigate  the an impo

ical characteristics of neutrophils present in the circulation and in inflamed joints from phenotyp

nts. JIA patie

vidence for neutrophil activation at the protein level has only been published for patients E

temic-onset JIA, that is believed to be an autoinflammatory disease driven mainly by with sys

innate immune responses (34). The present study is the first to characterize neutrophils, aberrant

n blood and synovial fluids of oligo- and polyJIA patients, at the protein level. Our results present i

the  existence  of strongly  activated  neutrophils in  synovial  fluids  from JIA  patients, indicate 

by CD62L  shedding, upregulation  of  CD66b,  CD11b and  CD15,  downregulation of featured 

and upregulation of alternative surface molecules including, but not limited to, HLA-DR CXCR1 

M-1. In pleural fluids, neutrophil activation was less evident since no significant and ICA
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alteration in CD66, CD11b, CD15 or CXCR1 expression was detected. Neutrophils were not or 

tivated in peripheral blood of JIA patients at the protein level. This corresponds to the hardly ac

of major signs of systemic inflammation at the moment of sampling (as evidenced by low absence 

ESR levels shown in Suppl. Table S1 and plasma cytokine concentrations depicted in CRP and

Table 1).

portantly, downregulation of CD62L and CXCR1/2 occurred spontaneously if healthy Im

utrophils were cultured for 24 hours in plasma from the corresponding donor, indicating donor ne

se phenotypical changes presumably coincide with neutrophil aging. Moreover, that the

tion of CD49d, ICAM-1, FPR1 and CXCR3 was mimicked if healthy donor neutrophils upregula

osed to synovial fluids from JIA patients, suggesting that the local milieu with enhanced were exp

ations of pro-inflammatory mediators is at least partially responsible for the increased concentr

n of these molecules on synovial neutrophils. Synovial fluid neutrophils from JIA expressio

but not plasma- or synovial fluid-treated healthy donor cells, are featured by upregulation patients, 

b, HLA-DR, CD11b, CD15 and BLTR1 and downregulation of C5aR. Pleural neutrophils of CD66

ients with pleural effusion also displayed a trend towards higher surface levels of HLA-from pat

ession and decreased expression of C5aR. Therefore, these phenotypical alterations may DR expr

to neutrophil extravasation. be related

nalysis of nuclear segmentation properties revealed an increased percentage of A

mented neutrophils in the synovial fluids from JIA patients. The functional characteristics hyperseg

articular neutrophil subset are poorly defined. Neutrophils with increased numbers of of this p

lobes are believed to be capable of suppressing the proliferation of T cells via nuclear 

D18-dependent release of hydrogen peroxide and show a unique proteome profile CD11b/C

Hypersegmentation was proposed to be associated with neutrophil aging. Nevertheless, it (21,35). 

ulated  that banded cells may  mature directly into  hypersegmented neutrophils under was spec

r pathophysiological circumstances (36).  In addition,  it was  suggested that CD62Lparticula low

mented neutrophils, present in the bone marrow, enter the circulation only during acute hyperseg

tion (21).  Thus, it  remains an  open question whether all CD62Linflamma low  hypersegmented 

ils truly are aged cells. neutroph

unctionally, it was demonstrated that CD62LF low aged neutrophils display an impairment 

tion of shape  change and chemotaxis, but enhanced surface expression of CD18 and in induc

hydrogen peroxide production (37). Evidence for the presence of aged neutrophils in increased
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inflamed joints from JIA patients was also provided when the expression of chemokine receptors 

stigated. Our results show a significant portion of CXCR4 positive neutrophils present in was inve

vial fluids. Upregulation of CXCR4 on synovial fluid neutrophils from patients with JIA syno

orms of arthritis was previously reported and is a hallmark feature of aged neutrophils, various f

them to  home back  to  the bone  marrow following  senescence (38).  Although aged allowing

ils  show  diminished  pro-inflammatory  activity  ,  they presumably  represent  a neutroph in  vitro

n of superior mediators of inflammation (23,37,39,40). populatio in vivo

eutrophils may upregulate MHC class II molecules on their cellular surface, presumably N

1b-dependent fashion and in response to T cell-derived cytokines including granulocyte-in a CD1

age colony-stimulating factor (GM-CSF), and IL-3 (19,20,41,42). MHC class II-macroph

g neutrophils may actively present antigens to T cells, suggesting that they are potentially expressin

layers acting at the intersection between innate and adaptive immunity (43–45). The critical p

of MHC class  II-positive neutrophils  has been  evidenced in  the context  of existence in vivo

id arthritis (41). Here, we report the presence of HLA-DR-expressing neutrophils in rheumato

joints from JIA patients. This subset of neutrophils may fulfill a key role in regulating inflamed

tive immune response, favoring the idea that JIA is driven by an intriguing interplay the adap

innate and adaptive immune cells. between 

AM-1 is generally absent on neutrophils or expressed only at very low levels. Exposure IC

matory signals including lipopolysaccharide (LPS) and evokes upregulation of to inflam

on neutrophils (27). Functionally, ICAM-1-expressing neutrophils excel in terms of ROS ICAM-1

n, phagocytic capacity and ability to release neutrophil extracellular traps (27,46). Our productio

on that a significant portion of synovial fluid neutrophils from JIA patients are ICAM-1-observati

ells suggests the presence of a subpopulation with altered pro-inflammatory activity.positive c

conclusion, the present study is the first to provide a comprehensive phenotypical profile In

phils present in the circulation and inflamed joints from oligo- and polyJIA patients. Our of neutro

cate that synovial neutrophils have an activated phenotype, and let us  speculate that data indi

ils are important orchestrators of innate and adaptive immune events in JIA pathogenesis. neutroph
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Table 1. Cytokine levels in plasma and synovial fluids from JIA patients.

e/chemokineCytokin PedCo JIA JIA SF

/ml)(pg

< 1 

n = 10

< 1 (< 1 – 46.5)

n = 16

7.7 (< 1 – 52.2)***, $$$$

n = 21

ml)IL-6 (pg/

0.7 (< 0.5 – 4.1)

n = 10

1.4 (< 0.5 – 17.8)

n = 16

1602 (53.8 – 7329)****, $$$$

n = 21

-23P40 (pg/ml)IL-12/IL

262.8 (172.3 – 483.1)

n = 5

285.5 (134.1 – 570.2)

n = 8

1387 (97.3 – 2156)*, $$

n = 13

g/ml)(p

18.2 (< 9 – 105.0)

n = 10

10.8 (< 9 – 74.5)

n = 16

137.1 (< 9 – 490.6)*, $$$$

n = 21

g/ml)(p

2.8 (< 1 – 4.0)

n = 10

2.1 (< 1 – 4.1)

n = 16

10.5 (1.5 – 22.8)*, $$$$

n = 21

pg/ml)IL-17A (

< 4 (< 4 – 4.7)

n = 5

< 4 (< 4 – 14.1)

n = 8

9.3 (< 4 – 69.1)

n = 13

/ml)IL-10 (pg

< 1 (< 1 – 3.9)

n = 10

< 1 (< 1 – 1.1)

n = 16

6.9 (< 1 – 22.3)**, $$$$

n = 21

pg/ml)IL-1RA (

278.0 (107.9 – 941.5)

n = 10

160.7 (79.5 – 273.5)

n = 16)

3590. (398.5 – 11683)***, $$$$

n = 21

pg/ml)CXCL8 (

3.2 (2.0 – 11.5)

n = 10

3.3 (1.4 – 9.3)

n = 16

747.2 (117.6 – 4986)****, $$$$

n = 21

(pg/ml)GM-CSF

13.9 (9.3 – 17.2)

n = 5

12.2 (6.7 – 16.2)

n = 8

36.4 (14.5 – 110.9)*, $$

n = 13

pg/ml)M-CSF (
< 0.5 

n = 5

< 0.5

n = 8

1.2 (< 0.5 – 3.5)*, $

n = 8

g/ml)G-CSF (p 10.3 (7.3 – 75.8) 8.4 (4.2 – 17.8) 8.8 (1.7 – 25.8)
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n =5 n = 8 n = 13

x  technology was  used to measure  cytokine concentrations  in plasma samples  from Multiple

ontrols (PedCo) and JIA patients (JIA) and in synovial fluids from JIA patients (JIA SF). healthy c

re represented as median (range) and were statistically analyzed by Kruskal-Wallis with Results a

ultiple comparisons tests. * p 0.05; ** p 0.01; *** p 0.001; **** p 0.0001 for Dunn’s m

l differences between PedCo and other groups. statistica $ p 0.05; $$ p 0.01; $$$ p 0.001; $$$$ p 

for statistical differences between JIA and other groups. Abbreviations: IFN-, interferon; 0.0001

leukin-; TNF-, tumor necrosis factor. IL-, inter
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Figure legends

. Analysis of neutrophil maturation and segmentation. Figure 1 Maturation characteristics of 

utrophils  from  pediatric  controls  (PedCo)  and  JIA  patients  (JIA)  and  synovial  fluid blood ne

ils (JIA SF) were assessed based on CD16 and CD62L expression using flow cytometry. neutroph

luid neutrophils from patients with pleural effusions (PF) and blood neutrophils from Pleural f

adults (AdCo) were investigated for comparative purposes. Relative percentages of healthy 

CD16highCD62Lhigh (A), CD62Llow (B) and CD16medCD62Lhigh (C) neutrophils were determined. 

percentages of CXCR4-positive aged neutrophils are shown in panel D. Blood Relative 

ils from healthy donors were exposed to cell-free plasma from the corresponding donor or neutroph

ynovial fluids, with or without 2 µg/ml (ethanercept, Eth), patient s

, Ana) and/or anti-IL-6 (tocilizumab, Toc) during 24 hours and the presence of CD62L(anakinra low

CXCR4(E) and + (F) neutrophils was determined. Patients with oligoarticular or polyarticular 

re indicated with closed or open circles, respectively. Horizontal lines and bars indicate disease a

alues. Results were analyzed by Kruskal-Wallis with Dunn’s multiple comparisons tests. median v

5; ** p 0.01; *** p 0.001; **** p 0.0001.* p 0.0

. Analysis of adhesion molecule and HLA-DR expression. Figure 2 Expression of CD66b (A), 

(B), CD11b (C), CD15 (D) and ICAM-1 (E, left panel) on neutrophils present in blood HLA-DR

lthy pediatric controls (PedCo) and JIA patients (JIA), or in patient synovial fluids (JIA from hea

determined by flow cytometry. Pleural neutrophils from patients with pleural effusion SF) were

blood neutrophils from adult healthy volunteers (AdCo) were investigated for (PF) and

tive purposes. Fresh peripheral blood neutrophils from healthy donors were exposed to compara

plasma from the corresponding donor or cell-free synovial fluids from JIA patients, with cell-free 

ut 2 µg/ml (ethanercept, Eth), (anakinra, Ana) and/or or witho

ab, Toc) during 24 hours, followed by analysis of ICAM-1 expression (E, right panel). (tocilizum

represent percentages of positive neutrophils or mean fluorescence intensity (MFI). Results 

with oligoarticular or polyarticular disease are indicated with closed or open circles, Patients

ely. Horizontal lines and bars indicate median values. Results were statistically analyzed respectiv

al-Wallis with Dunn’s multiple comparisons tests. * p 0.05; ** p 0.01; **** p by Krusk

0.0001.

. Analysis of CXCR1, CXCR2 and CXCR3 expression. Figure 3 Expression of CXCR1 (A), 

(B) and CXCR3 (C) on neutrophils present in blood from healthy pediatric controls CXCR2 
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(PedCo) and JIA patients (JIA), or in patient synovial fluids (JIA SF) were determined by flow 

y (left part of the figure). Pleural neutrophils from patients with pleural effusion (PF) and cytometr

utrophils from adult healthy volunteers (AdCo) were investigated for comparative blood ne

. Fresh peripheral blood neutrophils from healthy donors were exposed to cell-free purposes

rom the  corresponding donor  or cell-free  synovial fluids  from JIA  patients, with  or plasma f

2 µg/ml (ethanercept, Eth), (anakinra, Ana) and/or without 

ab, Toc) during 24 hours, followed by analysis of CXCR1 (A), CXCR2 (B) and CXCR3 (tocilizum

ession (right part of the figure). Results represent percentages of positive neutrophils or (C) expr

orescence intensity (MFI). Patients with oligoarticular or polyarticular disease are mean flu

with closed  or open  circles, respectively.  Horizontal lines  and  bars  median values. indicated

ere statistically analyzed by Kruskal-Wallis with Dunn’s multiple comparisons tests. * p Results w

* p 0.05; * 0.01; *** p 0.001.

. Analysis of C5aR, FPR1 and BLTR1 expression. Figure 4 Expression of C5aR (A), FPR1 (B) 

R1 (C) on neutrophils present in blood from healthy pediatric controls (PedCo) and JIA and BLT

JIA), or in patient synovial fluids (JIA SF) were determined by flow cytometry (left part patients (

ure). Pleural neutrophils from patients with pleural effusion (PF) and blood neutrophils of the fig

ult healthy volunteers (AdCo) were investigated for comparative purposes. Fresh from ad

l  blood neutrophils  from  healthy donors  were exposed  to cell-free  plasma  from the periphera

nding donor or cell-free synovial fluids from JIA patients, with or without 2 µg/ml anti-correspo

ethanercept, Eth), ( (anakinra, Ana) and/or anti-IL-6 (tocilizumab, Toc) 

, followed by analysis of C5aR (A), FPR1 (B) and BLTR1 (C) expression (right part of 24 hours

e). Results represent mean fluorescence intensity (MFI). Patients with oligoarticular or the figur

ular disease are indicated with closed or open circles, respectively. Horizontal lines and polyartic

cate median values. Results were statistically analyzed by Kruskal-Wallis with Dunn’s bars indi

comparisons tests. * p 0.05; ** p 0.01; **** p 0.0001.multiple 

. Correlation between phenotypical features of synovial neutrophils and local Figure 5

levels. cytokine Spearman correlation coefficients were calculated to detect potential correlations 

the abundance of synovial cytokines and phenotypical features of synovial neutrophils between 

patients. p values lower than the Bonferroni-corrected alpha value were considered from JIA

nt. *p 0.002; $ p 0.0004; # p 0.00004. X, not determined. significa
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