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Abstract
This study tested the hypothesis that subsets of human T helper cells can orchestrate leukocyte adhesion to synovial fibroblasts (SFbs), thus regulating the retention of leukocytes in
the joints of juvenile idiopathic arthritis (JIA) patients. Several cell types, such as monocytes/macrophages, granulocytes, T and B lymphocytes, SFbs and osteoclasts participate
in joint tissue damage JIA. Among T cells, an enrichment of classic and non-classic Th1
subsets, has been found in JIA synovial fluid (SF), compared to peripheral blood (PB).
Moreover, it has been shown that IL-12 in the SF of inflamed joints mediates the shift of
Th17 lymphocytes towards the non-classic Th1 subset. Culture supernatants of Th17, classic and non-classic Th1 clones, have been tested for their ability to stimulate proliferation,
and to induce expression of adhesion molecules on SFbs, obtained from healthy donors.
Culture supernatants of both classic and non-classic Th1, but not of Th17, clones, were
able to induce CD106 (VCAM-1) up-regulation on SFbs. This effect, mediated by tumor
necrosis factor (TNF)-α, was crucial for the adhesion of circulating leukocytes on SFbs.
Finally, we found that SFbs derived from SF of JIA patients expressed higher levels of
CD106 than those from healthy donors, resembling the phenotype of SFbs activated in vitro
with Th1-clones supernatants. On the basis of these findings, we conclude that classic and
non-classic Th1 cells induce CD106 expression on SFbs through TNF-α, an effect that
could play a role in leukocytes retention in inflamed joints.
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Introduction
Inflammatory responses play a key role in host defense from foreign agents but can be also
responsible of tissue damage, for example in autoimmune diseases. The function of T cells is to
recognize specific “non-self” antigens and to generate specific responses tailored to eliminate
the pathogen. CD4+ T cells can be functionally subdivided into two main subsets: effector cells,
which provide protection against exogenous offending agents, and regulatory T (Treg) cells
whose function is to avoid autoimmune reactions and to stop the effector response against
exogenous antigens, when the response itself becomes dangerous for the host [1]. Human effector CD4+ T lymphocytes can be additionally classified into subpopulations based mainly on
their immunological functions. Th1 cells express the transcription factor T-bet, secrete interferon (IFN)-γ, and protect the host from intracellular infections. Th2 cells express GATA-3,
secrete interleukin (IL)-4, IL-5, IL-9 and IL-13 and are involved in protection from helminths
[2, 3]. Th17 cells defend the body from extracellular bacterial and fungal infections [4–7],
express the transcription factor RORC [8], the IL-23 receptor (IL-23R), the chemokine receptor
CCR6 [9, 10], and the lectin receptor CD161 [11]. Beyond their protective role in the clearance
of extracellular pathogens, Th lymphocytes have been described to play a role in the pathogenesis of several autoimmune and inflammatory diseases, such as multiple sclerosis, inflammatory
bowel disease (IBD), psoriasis, rheumatoid arthritis (RA), and JIA [1, 12], but also atopic disorders. JIA is the most common form of persistent arthritis in children. Even if the cause of disease is still poorly understood [13], adaptive immune responses are certainly involved in its
pathogenesis, as indicated by the presence of T and B lymphocytes infiltrating the synovial
membrane of inflamed joints [14]. T-cell infiltrates predominantly consist of CD4+ Th1 cells
which have been thought to have a central role in the pathogenesis of the disease [15, 16].
Recently, we reported an accumulation of CD4+CD161+ cells, belonging to either the nonclassic Th1 or the Th17/Th1 subset, in the inflamed joints of JIA patients, and we showed that
their proportions in synovial fluid (SF) positively correlated with parameters of disease activity
[17]. Accordingly, the shifting of CD4+CD161+ cells from the Th17 to the non-classic Th1
phenotype has been shown to occur in the SF of JIA children [17, 18]. The CD4+ T cells
orchestrate the chronic inflammation in both RA and JIA by acting, through the production of
cytokines, on multiple cell types found in inflamed joints. Among these, SFbs are certainly the
most important tissue resident cell population in the synovium. Extensive studies in adult RA
have shown the existence of SFbs that produce cytokines and matrix-degrading enzymes, thus
playing a crucial role in cartilage destruction and inflammation [19].
In this study we examined the ability of different subset of T helper cells to activate SFbs to
produce/express molecules involved in leukocytes retention in the inflamed synovia.

Materials and Methods
Patients and samples
Synovial fibroblasts were derived from 7 JIA patients (age mean: 9 years, range: 9–15 years;
none was at baseline, 4 of them were treated with NSAD and 3 with MTX) and 6 healthy controls (age mean: 8 years, range: 5–10 years), after informed written consent and with the
approval of Ethics Committee of Anna Meyer Children Hospital, Florence, Italy. For patients
under the age of 18 years, written consent was obtained by parents or guardians. All the procedures of this study have been conducted according to the principles expressed in the Declaration of Helsinki. Synovial fluid samples were obtained during arthrocentesis from the knee
joint aspirates of seven oligoarticular JIA patients, while synovial tissue was obtained from the
knee joints of four healthy subjects undergoing orthopaedic surgery for knee traumatic events.

PLOS ONE | DOI:10.1371/journal.pone.0154422 April 28, 2016

2 / 14

Th1 Cells and SFbs Cross-Talk in JIA

These donors didn’t suffer from any chronic inflammatory diseases and didn’t take any drug,
for this reason they were called healthy.

Synovial fibroblasts isolation and culture
Synovial tissue was minced into small pieces and plated in culture dishes with FBM-2 (Fibroblast Growth Medium, Microtech, Napoli, Italy) supplemented with 10% FBS for expansion,
as previously described [20, 21]. JIA SFbs were obtained from synovial fluid of JIA patients.
Briefly, synovial fluid was collected, centrifuged, washed twice in PBS (Phosphate Buffered
Saline, Microtech, Napoli, Italy) and cells were plated in FBM-2 supplemented with 10% FBS
(Fetal Bovine Serum). The day after plating, non-adherent cells were removed. The cell monolayers were used within the 7th passage in culture. The cells were considered type fibroblastlike synovial cells if positive on staining with anti-CD105, anti-CD29 (Ancell, Bayport, MN,
USA), anti-CD73 and anti-CD90 (BD Biosciences), and negative for anti-CD31, anti-CD45,
anti-CD34, anti-CD14, anti-CD16 (BD Bioscience) and if they had a spindle-shaped, fibroblast-like morphology.

T cells isolation and characterization
CD4+ T cells, derived from PB mononuclear cells (MNCs) of four healthy donors by using the
CD4 isolation kit II (Miltenyi Biotec, Bergisch Gladbach), were further divided into CD161
+ and CD161- T-cell fraction by staining with an anti-CD161-PE mAb, followed by incubation
with an anti-PE microbead mAb (Miltenyi Biotec). The CD4+CD161+ and CD4+CD161- cell
subsets were then cultured under limiting dilution (0.3 cell/well) in presence of 105 irradiated
(9000 rad) allogeneic PBMCs as feeder cells, 1% PHA (vol/vol), and 50 U/mL rIL-2 (Proleukin,
Prometheus, Inc., San Diego, USA), in order to obtain T-cell clones. Recovered CD4+ T-cell
clones were classified on the basis of their ability to produce IFN-γ and/or IL-17 and to express
surface marker CD161, as previously described [22]. Briefly, T cells were polyclonally stimulated with PMA plus ionomycin for 6 hours the last 4 in presence of Brefeldin A (BFA), fixed
in formaldehyde and then analysed for intracellular cytokines production on a BDLSR II flow
cytometry (BD Biosciences). Selected T cell clones with the following phenotypes: Th17
(CD161+IL-17+IFN-γ-), non-classic and classic Th1 (CD161+IL-17-IFN-γ+ and CD161-IL17-IFN-γ+, respectively), were polyclonally stimulated with anti-CD3 plus anti-CD28 mAbs
(human T Cell Activation/Expansion Kit, Miltenyi Biotec), for 72 hours to obtain culture conditioned supernatants, that were stored at -30°C. IFN-γ, TNF-α and IL-17 cytokine levels in T
cell clones derived supernatants were evaluated by CBA flex set assay following the manufacturer instruction (BD Bioscience).

Cell viability measurement using the WST-1 assay
The viability of normal SFbs cultured under various conditions was determined by a cell proliferation assay using the Water-Soluble-Tetrazolium-salt (WST-1) reagent (Roche Italia, Milano,
Italy). WST-1 is a water-soluble sulfonated tetrazolium salt that is cleaved by cellular succinate-dehydrogenases in living cells, yielding dark blue formazan. Damaged or dead cells exhibit
reduced or no dehydrogenase activity. Briefly, the cells were seeded in 96-well plates at a final
density of 5 × 103 cells/well, and cultured with unstimulated or CD3/CD28-stimulated culture
supernatants from Th1 (classic and non-classic) or Th17 clones, or with recombinant TNF-α
(10ng/ml), IFN-γ (5 ng/ml) and their combination (R&D Systems). Then 10 μl of WST-1 solution was added to each well, and the cells were incubated for 2h at 37°C. The optical density
was measured using an absorbance microplate reader (Bio-Rad, Milano, Italy) at a wavelength
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of 450 nm. Percentage of cell viability was calculated based on the absorbance measured relative to that of the untreated control cells maintained in culture medium alone.

Flow cytometry analysis
Healthy subjects-derived SFbs were grown in T25 flasks and incubated for 48h in medium
alone or with unstimulated or CD3/CD28-stimulated culture supernatants from Th1 (classic
and non-classic) or Th17 clones (or with recombinant TNF-α (10 ng/ml), IFN-γ (5 ng/ml) and
their combination. When indicated, SFbs were cultured for 48h in medium alone or with culture supernatants from Th1 cells (classic and non-classic) or with TNF-α plus IFN-γ in presence or absence of the TNF-α blocker Etanercept (ETN) 10 μg/ml (Pfizer). Then SFbs were
recovered and stained with fluorochrome-conjugated mAbs anti-CD29, -CD73, CD90,
-CD105, -CD106 for 20 minutes on ice in dark. After washing in PBS plus Bovine Serum albumin 0.5% (BSA), cells were analysed by flow cytometry BD LSR II with DivaSoftware (BD Biosciences). The same flow cytometric analysis were performed also on SFbs derived from SF of
JIA patients.
MNCs, derived from PB and SF of JIA patients after centrifugation on Ficoll–Hypaque gradient, were policlonally stimulated with PMA plus ionomycin for 6 hours the last 4 in presence
of BFA, fixed in formaldehyde and then analysed for intracellular cytokine production in association with surface markers, on a BDLSR II flow cytometry (BD Biosciences).

Quantitative Real-Time PCR analysis
Total RNA was prepared using Nucleospin RNA II (Macherey-Nagel, Carlo Erba Reagents,
Milano, Italy), agarose gel checked for integrity, and reverse transcribed with GoScript system
(Promega, Milano, Italy) using random primers according to manufacturer’s instructions.
CD106 expression in normal SFbs under various conditions was determined by a quantitative
Real-Time (RT)–PCR with an Applied Biosystem 7500 Fast Real Time PCR System (Applied
Biosystems, Milano, Italy) and determined by the comparative Ct method using 18S ribosomal
RNA as the normalization gene. Amplification was performed with the default PCR setting: 40
cycles of 95°C for 15 seconds and of 60°C for 60 seconds using SYBR Green–based detection
(GoTaq qPCR Master Mix; Promega). Primers (IDT, Tema Ricerca, Bologna, Italy) used for
RT-PCR were as follows:
-18S-rRNA: sense, 50 -CCAGTAAGTGCGGGTCATAAG-30
antisense, 50 -GCCTCACATAACCATCCAATC-30 ;
-CD106: sense, 50 -GGGACCACATCTACGCTGACA-30
antisense, CCTGCTCTGCATCCTCCAGAAA-30
TNFR1β and IFNγR2 expression was determined by Taq-Man RT-PCR, as described elsewhere (22). Primers and probes used were purchased from Applied Biosystems. Results were
defined by comparative Ct method using GAPDH as the normalization gene.
All data are presented in the graphs as fold change respect to the control (untreated condition).

Leukocyte isolation and adhesion assay
Peripheral blood leukocytes were isolated from whole venous blood of healthy individuals after
hypotonic lysis of red cells. Leukocytes were labelled with 10μM carboxyflorescein succinimydil
ester (CFSE, Molecular Probe, Eugene, OR.) at 37°C for 30’ in PBS and subsequently washed
by centrifugation. Normal SFbs were grown on glass coverslips and incubated for 48h with Th1
(classic and non-classic) not stimulated or stimulated culture supernatants or with TNF-α and
IFN-γ. A set of experiments was performed with JIA SFbs. All condition were performed in
duplicate. Confluent treated normal SFbs or JIA SFbs were incubated with CFSE-labelled
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leucocytes (1 x 106 cells) at 37°C for 2h in presence or absence of anti-CD106 mAb clone 1.
G11B1 or of isotype control mAb (Southern Biotech, Birmingham, AL, USA). Non-adherent
leukocytes were removed and gently washed with PBS. In one slide of each condition, the number of adherent leukocytes was estimated by counting CFSE-labelled cells in five randomly chosen fields per well at 100x using a fluorescent microscope. In the duplicate slide of the same
condition all cells were recovered and leukocytes population were evaluated by flow cytometry
for the expression of CD15, CD14, CD3 and CD19.

Immunofluorescence analysis
Immunofluorescence was performed as previously described [23]. SFbs were grown on coverslips in their culture conditions. Once at semiconfluence, cells were treated with Th1 (classic
and non-classic) stimulated culture supernatants or with TNF-α and IFN-γ. A set of experiments was performed with JIA SFbs. 48h after treatment, leucocytes CFSE-labelled were added
to SFbs cells monolayers and incubated in presence or absence of anti-CD106 antibody. After
two hours the slides were washed with PBS to eliminate non-adherent cells and were observed
on fluorescent microscopy, as described above, to count adherent cells. Then the slides were
fixed and TRITC-labelled phalloidin (Sigma, Milano, Italy) was applied to the cells to visualize
cell morphology and the leucocyte adhesion on SFbs surface. Nuclei were stained with the
DAPI (10μg/ ml) (Invitrogen, Milano, Italy) for 15 min at room temperature. The slides were
observed with a Nikon confocal microscopy. A single composite image was obtained by superimposition of twenty optical sections for each sample observed.

Statistical analysis
Results are expressed as the mean ± SE. Statistical comparisons between two samples were performed using the Student's t-test, whereas multiple comparisons were performed using ANOVA
test as indicated; all statistical tests were performed using GraphPad Prism 6 software. In all
cases, a p-value of <0.05 was considered significant.

Results
Culture supernatants of both classic and non-classic Th1 clones induce
morphological changes of SFbs
First, we evaluated the ability of culture supernatants obtained from different T helper cell subsets to influence both SFbs viability and cell shape. To this end, SFbs isolated from healthy subjects, were cultured in the presence or in the absence of supernatants obtained from both
unstimulated and polyclonally- stimulated, Th17, classic and non-classic Th1 cell clones
(TCCs). After 24 and 48 hours of culture, neither classic and non-classic Th1, nor Th17, supernatants, induced cell death of SFbs (Fig 1A). Interestingly, supernatants of polyclonally-stimulated Th1 cultures, both classic and non-classic, were able to induce morphological changes of
SFbs compared to the unstimulated ones (Fig 1B). In particular, SFbs, which are normally fusiform and characterized by regular shape, upon 48h treatment with Th1 (classic and non-classic) supernatants, displayed a polygonal cell body, the nucleus was large and oval-shaped, and
there were many slender protrusions around cell body with many branches extended out [24].
No differences were observed in presence of Th17 supernatants (Fig 1B).
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Fig 1. Effects of culture supernatants of Th cells clones on SFbs. SFbs from healthy donors were
cultured in presence of medium (CTRL) or culture supernatants of unstimulated or anti-CD3/CD28 stimulated
T helper cells of different phenotypes (classic and non-classic Th1 and Th17). A. SFbs vitality was evaluated
by WST-1 assay after 24h and 48h of culture. Columns represent mean ± SE of % of viable SFbs compared
to control condition (defined as 100% and shown as line in the Fig) in three experiments. Statistical analysis
was performed by using the ANOVA test. B. After 48h SFbs morphology was evaluated by phase contrast
microscope (magnification 200X). One representative experiment out of six is shown (one field out of five).
Scale bar in all images = 100μm.
doi:10.1371/journal.pone.0154422.g001

Etanercept inhibits the CD106 upregulation in SFbs selectively induced
by culture supernatants of both classic and non-classic Th1 clones
Culture supernatants derived from the different subsets of TCCs were then evaluated for their
ability to modulate the expression of SFbs surface markers. In particular, CD105, CD29, CD90,
CD106, and CD73 expression, were evaluated, by flow cytometry, after 48 hours of culture in
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the presence or in the absence of supernatants obtained from both unstimulated and polyclonally-stimulated, Th17, classic and non-classic Th1 clones. As shown in Fig 2A, the frequency of
CD106 (VCAM-1) positive cells resulted significantly increased in the presence of supernatants
derived from both classic and non-classic Th1-, but not from Th17-, clones, whereas the frequencies of all other makers was completely unaffected (S1 Fig). These data were confirmed
also in terms of CD106 mRNA expression, which was clearly increased in presence of polyclonally-stimulated Th1, both classic and non-classic, supernatants, whereas it was not affected in
presence of both unstimulated and polyclonally-stimulated Th17 supernatants (Fig 2B). Evaluation of cytokines levels in anti-CD3/CD28 stimulated T cell clones supernatants, showed that
both TNF-α and IFN-γ were present in Th1 (classic and non-classic)-derived supernatants
and in particular that TNF-α levels were significantly higher than IFN-γ levels; moreover in
Th17-derived supernatants IFN-γ resulted virtually absent and TNF-α levels were significantly
lower than in Th1-derived ones (Fig 2C). As expected, IL-17 was present only in Th17- derived
supernatants (Fig 2C). In order to evaluate the involvement of different cytokines in the
CD106 upregulation, SFbs were cultured in presence of TNF-α, IFN-γ or their combination.
Of note, none of the above described culture conditions induced apoptosis of SFbs (S2 Fig).
TNF-α was able to induce a significant increase of CD106 expression at both protein and
mRNA level, whereas IFN-γ alone wasn’t. More importantly, TNF-α and IFN-γ together,
exerted a synergistic effect in the upregulation of CD106 expression at both protein (Fig 2D)
and mRNA level (Fig 2E). In the case of flow cytometric analysis of protein, even if both cytokines did not induce a significant increase of the frequency of CD106 positive SFbs compared
to TNF-α alone (Fig 2D), we found a significant increase of CD106 protein expression evaluated by mean fluorescence intensity (MFI). Since it has been previously demonstrated on different cell types a reciprocal upregulation of TNFα-RII and of IFN-γR, in response to IFN-γ
and TNF-α, respectively, [25, 26], we looked at these also on SFbs. We found a synergistic effect
of TNF-α and IFN-γ in the upregulation of both receptors and, more importantly, a similar
upregulation was observed in SFbs cultured in presence of Th1 classic and non-classic–derived
supernatants (Fig 2F). TNF-α is a pro-inflammatory cytokine that plays crucial role in the
pathogenesis of several forms of arthritis, and, as a consequence, it represents a therapeutic target in such diseases. For these reasons, we decided to assess if etanercept (ETN), a soluble
dimeric fusion protein of p75 TNFR that belongs to the class of TNF-inhibitors, was able to
interfere also with SFbs CD106 upregulation mediated by Th1-derived supernatants. To this
aim SFbs were cultured for 48h in presence of polyclonally stimulated Th1 classic and nonclassic derived supernatants, or in presence of exogenous IFN-γ and TNF-α, with or without
ETN. We observed a significant reduction of CD106 mean fluorescence intensity in presence
of ETN in all the culture conditions (Fig 2G).

Leukocytes adhesion to SFbs is mediated by CD106 expression
CD106 is a sialoglycoprotein expressed by cytokine-activated endothelium which mediates leukocyte-endothelial cell adhesion and signal transduction. In order to check the biologic relevance of the TNF-α induced CD106 upregulation on SFbs, we performed cell adhesion
experiments in which the numbers of leukocytes adhering to SFbs have been evaluated in different experimental conditions. Treatment of SFbs with TNF-α plus IFN-γ, as well as with
polyclonally-stimulated, classic and non-classic Th1 supernatants, resulted in an increased
ability of leukocytes to adhere to SFbs as compared to the untreated SFbs (Fig 3A and 3B).
More importantly, the addition in culture of a neutralizing anti-CD106 mAb, significantly
reduced leukocyte adhesion in all culture conditions (Fig 3B), this effect being not exerted by
an isotype control Ab (S3A Fig). In any case, the frequencies of cell subsets among adherent
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Fig 2. Th1-culture supernatants and TNF-α upregulate CD106 expression on SFbs. SFbs from healthy donors were cultured for 48h in presence of
medium alone (CTRL) or cultured supernatants of unstimulated (dark grey) or anti-CD3/CD28 stimulated (light grey) Th cells clones of different phenotypes
(classic and non-classic Th1 and Th17) (A-B) or in the presence of TNF-α or IFN-γ cytokines or their combinations (D-E) in presence or absence of
Etanercept (ETN) (G). Columns represent mean ± SE of % of CD106 positive SFbs (A) or of CD106 mean fluorescence intensity (MFI) (G) or both % of
CD106 positive SFbs and CD106 mean fluorescence intensity (MFI) (D) of six different experiments. After 24h CD106 (B-E), TNF-αRβ (white) and IFN-γR2
(grey) (F) expression were evaluated by real time RT-PCR. Columns represents mean ± SE of mRNA expression (normalized on housekeeping gene mRNA
and calculated as fold to the control, Ctrl) of three different experiments. * p < 0.05; ** p < 0.01, *** p < 0.001 stimulated condition versus ctrl or indicated by
bar. IFN-γ (black), TNF-α (grey) and IL-17 (white) cytokine levels in anti-CD3/CD28 stimulated classic and non-classic Th1 and Th17-derived supernatants
were evaluated by CBA flex set assay (C); columns represents mean ± SE of cytokine concentration (pg/ml) of five different supernatants for each Th
phenotype.* p < 0.05 TNF-α versus IFN-γ or indicated by bar. Statistical analysis was performed by using the ANOVA test.
doi:10.1371/journal.pone.0154422.g002

leukocytes was similar in the different culture conditions (S3B Fig), suggesting that the CD106mediated adhesion was not limited to a specific subset of leukocytes.

CD106 is over-expressed in SFbs derived from JIA patients
Once established that both classic and non-classic Th1 cells are able to induce CD106 upregulation on SFbs via TNF-α, favouring leukocyte adhesion, we moved to assess this pathway in
JIA. First of all, we checked the frequencies of the different T cell subsets in the PB and in the
SF of JIA patients. As expected and previously described (18), higher frequencies of IFN-γ producing cells (both CD161+ and CD161-), were found in SF than in PB of the JIA patients (Fig
4A), and more importantly we also found a significant increase of TNF-α producing cells (both
CD161+ and CD161-), in SF compared to PB (Fig 4A). Moreover, SFbs isolated from SF of JIA
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Fig 3. CD106 upregulation induced by Th1 clones, mediates leukocytes adhesion on SFbs. SFbs from
healthy donors were cultured for 48h in presence of medium alone (CTRL), supernatants of anti-CD3/CD28
stimulated classic and non-classic Th1 cells clones, or TNF-α plus IFN-γ; then CFSE-labelled leukocytes
derived from peripheral blood of healthy donors were cultured for 2h on treated SFbs, in presence or absence
of anti-CD106 neutralizing mAb. Leucocytes adhesion on SFbs was observed by confocal microscopy
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analysis (A, magnification 400x, scale bar in all images = 20 μm; one representative experiment out of three
and of this one field out of five is shown); or by fluorescence microscope analysis by average of adherent
leucocytes counted in five different random fields (B, columns represent mean ± SE of number of adherent
leucocytes of three different experiments). * p < 0.05; ** p < 0.01, *** p < 0.001 stimulated condition versus
ctrl or indicated by bar. Statistical analysis was performed by using the ANOVA test.
doi:10.1371/journal.pone.0154422.g003

patients showed peculiar morphological characteristics which were different from that of SFbs
derived from healthy subjects and resembled those of healthy SFbs treated in vitro with classic
or non-classic Th1 supernatants (Figs 4B and 1B). More importantly, only the expression of
CD106, among several surface markers analysed, was significantly higher in JIA patients- than
in healthy subjects-derived SFbs (Fig 4C). Accordingly, cell adhesion experiments showed significant increased ability of JIA-derived SFbs to promote spontaneous leukocytes adhesion
than healthy subject-derived SFbs (Fig 4D and 4E). In addition, cell adhesion was significantly
inhibited by the presence in culture of a neutralizing anti-CD106 mAb (Fig 4D), but not of
an isotype control Ab (data not shown). Moreover the frequencies of different subsets of

Fig 4. SFbs derived from synovial fluid of JIA patients express higher level of CD106 than normal SFbs. A. MNCs from PB and SF of JIA patients
were polyclonally stimulated with PMA plus ionomycin for 6h the last 4h in presence of BFA and then evaluated for intracellular cytokines production.
Columns represent mean ± SE of % of CD3+CD4+ T cells of seven JIA patients producing the indicated cytokine and expressing CD161. * p < 0.05; **
p < 0.01, *** p < 0.001 PB versus SF; B SFbs obtained from healthy subjects and from SF of JIA patients were evaluated by phase contrast microscope
(magnification 200X, one representative experiment out of seven and of this one field out of five is shown, scale bar = 100 μm and (C) were characterized by
flow cytometry for surface expression of CD106, CD29, CD90, CD106, CD73. Columns represent the mean ± SE of % of SFbs from six healthy donors and
from seven JIA patients positive for the indicated markers. *** p < 0.001 JIA versus healthy SFbs; D-E CFSE-labelled leukocytes derived from PB of healthy
donors were cultured for 2h on healthy- or JIA-derived SFbs, in presence or absence of anti-CD106 neutralizing mAb. Leucocytes adhesion on SFbs was
evaluated by fluorescence microscope analysis by average of adherent leucocytes counted in five different random fields (D, columns represent mean ± SE
of number of adherent leukocytes of three different experiments, *** p < 0.001 stimulated condition versus ctrl or indicated by bar) and by confocal
microscopy analysis (E, magnification 400x, one representative experiment out of three and of this one field out of five is shown). Statistical analysis was
performed by using the Student t-test (two groups) or the ANOVA test (several groups).
doi:10.1371/journal.pone.0154422.g004
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leukocytes adherent to JIA-derived SFbs were not different form that adherent to healthy SFbs
(S3C Fig).

Discussion
In inflamed joints, CD4+ T cells produce cytokines that sustain the process of synovial pannus-driven extracellular proteolysis and proliferation, and promote the inflammation-associated angiogenesis [27, 21]. The present study aimed to identify factors which may mediate the
interplay between CD4+ T effector cells SFbs in terms of synovial activation and involvement
of inflammatory cells in immune mediated arthritis. Since T helper lymphocytes orchestrate
the inflammation mainly through the production of cytokines that act on resident and inflammatory cells present in the joints, we initially evaluated the ability of Th17, classic and nonclassic Th1 clones-derived supernatants to induce adhesion molecules expression on SFbs isolated from the synovia of healthy subjects. We decided to study the above mentioned CD4+ T
cell subsets because we have previously shown that IL-12, present in SF of JIA patients, induces
Th17 cells to produce IFN-γ thus explaining the high frequency of non-classic Th1 cells in the
inflammatory environment [28]. In the present study we demonstrated that both classic and
non-classic Th1-, but not Th17-derived supernatants, are the most powerful activators of synovial fibroblasts leading to the upregulation of CD106 expression, that is crucial for leukocytes
adhesion, and consequently for their retention into the synovia. The upregulation of CD106, at
both mRNA and protein level, was induced by TNF-α alone, whereas IFN-γ, that had no effects
when administered alone, significantly synergized with TNF-α in the induction of CD106
expression. This synergistic effect could be explained by the reciprocal upregulation of TNFαRII and IFN-γR, in response to IFN-γ and TNF-α, respectively, as previously demonstrated in
several cell types [25, 26] and confirmed also in SFbs in the present study. Indeed, both the
cocktail containing TNF-α and IFN-γ and the supernatants derived from classic and non-classic Th1 cells, induced upregulation of TNF-αRII and IFN-γRII mRNA. Moreover, evaluation
of cytokine level in Th derived supernatants, explains the different behaviour of Th17 and Th1
(classic and non-classic) in the regulation of CD106 expression and supports the main role of
TNF-α and IFN-γ. An additional important finding of this study is that, in vitro administration
of the TNF-α inhibitor etanercept, was able to significantly reduce the CD106 expression
induced by both classic and non-classic Th1 supernatants. Of note, TNF-α-blocking agents,
such as etanercept, induce amelioration of clinical symptoms, laboratory parameters of inflammation, and radiological progression in patients with immune-mediated arthritis, such as RA,
JIA, and psoriatic arthritis [29]. The pleiotropic activity of TNF-α in the inflammatory milieu
includes activation of monocytes, macrophages and synovial fibroblasts by inducing the transcription of genes whose products mediate inflammation and tissue degradation, leading to
cartilage and bone destruction. Moreover, TNF-α induces the growth of the synovial membrane with neovascularization and the formation of the 'pannus', which contains osteoclasts.
TNF-α can also act on T lymphocytes, by driving the shifting from Th17 to non-classic Th1
cells [30]. The upregulation of CD106 expression on SFbs may represent a further pro-inflammatory effect of TNF-α, allowing the retention of leukocytes into the synovia and contributing
to amplify the inflammation. The finding that CD106 expression is significantly higher on
SFbs from JIA patients compared to healthy donors, supports this hypothesis. In addition, the
morphology of JIA SFbs resembled the one obtained in vitro by activating healthy subjectsderived SFbs with classic and non-classic Th1 supernatants, suggesting that in vivo, the TNF-α
rich microenvironment of inflamed joints of JIA patients, may favour a cytoskeleton reorganization leading to morphological changes and ultimately resulting in “transformed phenotype”
of these cells [24].
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Another important information emerging from this study, is about the crucial role of
CD106 in leukocytes adhesion to SFbs. The fact that adhesion molecules present on the SFbs
surface regulate the trafficking of leukocytes into and/or through the synovial tissues has been
reported previously [31]. The increase in CD106 expression and associated endothelial activation contributes to the promotion of inflammation and tissue damage in several different autoimmune diseases, such as rheumatoid arthritis (RA), systemic lupus erythematous (SLE) and
scleroderma [32]. Here we found that in presence of neutralizing anti-CD106 mAb, the TNFα-induced adhesion of leucocytes to SFbs, was completely blocked, and the adhesion induced
by Th1 derived supernatants was significantly reduced. The result of these experiments
strongly suggest that CD106 is, among adhesion molecules, the most important for leukocyte
adhesion to SFbs. This concept is further strengthened by the results obtained in SFbs from JIA
patients, that show a spontaneous high expression of CD106, and a high rate of leukocyte adhesion, confirming the crucial role of TNF-α/CD106 axis in leukocyte adhesion to SFbs [33].
Even if previous studies have been reported that TNF-α upregulates VCAM-1 and ICAM-1
in RA-derived SFbs [34, 35], to our knowledge this is the first study aimed to characterize the
interplay between different T cell subsets and JIA-derived SFbs. In particular the results
obtained both in the in vitro model of the healthy-derived Th effector clones of different phenotypes and in the ex vivo models of JIA, concordantly indicate that Th1 cells, both classic and
non-classic, induced CD106 expression on SFbs through TNF-α, allowing leukocytes adhesion.
The understanding of the possible cellular interaction arising in the inflamed joints of RA and
JIA patients and the identification of new molecular pathways in joint inflammatory disorders,
could represent an important issue to develop new therapeutic strategies in such diseases.

Supporting Information
S1 Fig. Phenotypical analysis of SFbs in presence of culture supernatants of Th cell clones.
SFbs from healthy donors were cultured in presence of medium (CTRL) or cultured supernatants of unstimulated or anti-CD3/CD28 stimulated Th cell clones of different phenotypes
(classic and non-classic Th1 and Th17). After 48h, SFbs were evaluated by flow cytometry for
the indicated surface markers. Columns represent mean ± SE of % of positive SFbs of six different experiments. Statistical analysis was performed by using the ANOVA test.
(TIF)
S2 Fig. Effects of TNF-α and IFN-γ on SFbs viability. SFbs from healthy donors were cultured in presence of medium alone or TNF-α or IFN-γ or their combination. SFbs vitality was
evaluated by WST-1 assay after 24h and 48h of culture. Columns represent mean ± SE of % of
viable SFbs compared to control condition (defined as 100%) in three experiments. Statistical
analysis was performed by using the ANOVA test.
(TIF)
S3 Fig. Adhesion to SFbs is similar for all leukocyte subsets. SFbs from healthy donors were
cultured for 48h in presence of medium alone (CTRL) or supernatants of anti-CD3/CD28
stimulated classic (A and B) and non-classic Th1 (B) cells clones or TNF-α plus IFN-γ (A and
B) and in presence of anti-CD106 mAb (A and B) or isotype control (A); then CFSE-labelled
leukocytes derived from PB of healthy donors were cultured for 2h on treated SFbs. Leucocytes
adhesion on SFbs was evaluated by fluorescence microscope analysis by average of adherent
leucocytes counted in five different random fields (A, columns represent mean ± SE of number
of adherent leukocytes of three different experiments,  p < 0.01,  p < 0.001 stimulated
condition versus ctrl or indicated by bar). Leukocytes recovered after adhesion assay were analysed by flow cytometry to identify the main cell subsets (neutrophils CD15+, monocytes
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CD14+, T cells CD3+, B cells CD19+). B Columns represent mean ± SE of the frequency of
each population of leukocytes adherent to SFbs in three different experiments. Statistical analysis was performed by using the ANOVA test. C) Leukocytes derived from PB of healthy donors
were cultured for 2h on JIA-derived SFbs, Leukocytes recovered after adhesion assay were
analysed by flow cytometry to identify the main cell subsets (neutrophils CD15+, monocytes
CD14+, T cells CD3+, B cells CD19+). Columns represent mean ± SE of % of cells of each population of leukocytes adherent to SFbs in four different experiments.
(TIF)

Author Contributions
Conceived and designed the experiments: LM FM RC FL EM LC MDR FA. Performed the
experiments: LM FM CL MC MCR AC VS AM. Analyzed the data: LM FM CL. Contributed
reagents/materials/analysis tools: LM FM CL. Wrote the paper: RC FL EM LC MDR FA.

References
1.

Cosmi L, Maggi L, Santarlasci V, Liotta F, Annunziato F. T helper cells plasticity in inflammation. Cytometry A, 2014; 85(1):36–42. doi: 10.1002/cyto.a.22348 PMID: 24009159

2.

Mosmann TR, Coffman RL. TH1 And TH2 cells: different patterns of lym-phokine secretion lead to different functional properties. Annu Rev Immunol. 1989; 7:145–73. PMID: 2523712

3.

Romagnani S. Lymphokine production by human T cells in disease states. Annu Rev Immunol. 1994;
12: 227–57. PMID: 8011282

4.

Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, et al. Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation of the brain. Nature 2003; 421:744–748.
PMID: 12610626

5.

Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, et al. Novel p19 protein engages IL-12p40
to form a cytokine, IL-23, with biological activities similar as well as distinct from IL-12. Immunity 2000;
13:715–725 PMID: 11114383

6.

Pelletier M, Maggi L, Micheletti A, Lazzeri E, Tamassia N, Costantini C, et al. Evidence for a cross-talk
between human neutrophils and Th17 cells. Blood 2010; 115: 335–343. doi: 10.1182/blood-2009-04216085 PMID: 19890092

7.

Ouyang W, Koli JK, Zheng Y. The biological functions of T helper 17 cell effector cytokines in inflammation. Immunity 2008; 28: 454–467. doi: 10.1016/j.immuni.2008.03.004 PMID: 18400188

8.

Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The orphan nuclear receptor RORgt directs the differentiation program of proinflammatory IL-17+T helper cells. Cell 2006; 126:
1121–1131. PMID: 16990136

9.

Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al. Phenotypic and functional
features of human Th17 cells. J Exp Med 2007; 204: 1849.1861. PMID: 17635957

10.

Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A, et al. Surface
phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells. Nat
Immunol 2007; 8: 639–646. PMID: 17486092

11.

Cosmi L, De Palma R, Santarlasci V, Maggi L, Capone M, Frosali F, et al. Human interleukin- 17-producing cells originate from a CD161+ CD4+ T-cell precursor. J Exp Med 2008; 205: 1903–1916. doi:
10.1084/jem.20080397 PMID: 18663128

12.

Fouser LA, Wright JF, Dunussi-Joannopoulos K, Collins M. Th17 cytokines and their emerging roles in
inflammation and autoimmunity. Immunol Rev 2008; 226: 87–102. doi: 10.1111/j.1600-065X.2008.
00712.x PMID: 19161418

13.

Ravelli A, Martini A. Juvenile idiopathic arthritis. Lancet 2007; 369:767–78. PMID: 17336654

14.

Murray KJ, Luyrink L, Grom AA, Passo MH, Emery H, Witte D, Glass DN. Immunohistological characteristics of T cell infiltrates in different forms of childhood onset chronic arthritis. J Rheumatol 1996;
23:2116–24. PMID: 8970050

15.

de Jager W, Hoppenreijs EP, Wulffraat NM. Blood and synovial fluid cytokine signatures in patients
with juvenile idiopathic arthritis: a cross-sectional study. Ann Rheum Dis. 2007; 66:589–98. PMID:
17170049

PLOS ONE | DOI:10.1371/journal.pone.0154422 April 28, 2016

13 / 14

Th1 Cells and SFbs Cross-Talk in JIA

16.

Miossec P. Interleukin-17 and Th17 cells: from adult to juvenile arthritis—now it is serious! Arthritis
Rheum 2011; 63:2168–71. doi: 10.1002/art.30331 PMID: 21380999

17.

Nistala K, Adams S, Cambrook H, Ursu S, Olivito B, de Jager W, et al. Th17 plasticity in human autoimmune arthritis is driven by the inflammatory environment. Proc Natl Acad Sci U S A. 2010; 107: 14751–
6. doi: 10.1073/pnas.1003852107 PMID: 20679229

18.

Cosmi L, Cimaz R, Maggi L, Santarlasci V, Capone M, Borriello F, et al. Evidence of the transient nature
of the Th17 phenotype of CD4+CD161+ T cells in the synovial fluid of patients with juvenile idiopathic
arthritis. Arthritis Rheum 2011; 63:2504–15. doi: 10.1002/art.30332 PMID: 21381000

19.

Brescia AC, Simonds MM, McCahan SM, Fawcett PT, Rose CD. The role of transforming growth factor
β signaling in fibroblast-like synoviocytes from patients with oligoarticular juvenile idiopathic arthritis:
dysregulation of transforming growth factor β signaling, including overexpression of bone morphogenetic protein 4, may lead to a chondrocyte phenotype and may contribute to bony hypertrophy. Arthritis
Rheumatol. 2014; 66: 1352–62. doi: 10.1002/art.38336 PMID: 24782191

20.

Cerinic MM, Generini S, Partsch G, Pignone A, Dini G, Konttinen YT, Del Rosso M. Synoviocytes from
osteoarthritis and rheumatoid arthritis produce plasminogen activators and plasminogen activator inhibitor-1 and display u-PA receptors on their surface. Life Sci 1998; 63:441–53. PMID: 9718068

21.

Guiducci S, Del Rosso A, Cinelli M, Margheri F, D'Alessio S, Fibbi G, et al. Rheumatoid synovial fibroblasts constitutively express the fibrinolytic pattern of invasive tumor-like cells. Clin Exp Rheumatol
2005; 23:364–72. PMID: 15971425

22.

Maggi L, Santarlasci V, Capone M, Rossi MC, Querci V, Mazzoni A, et al. Distinctive features of classic
and nonclassic (Th17 derived) human Th1 cells. Eur. J. Immunol 2012; 42: 1–9.

23.

Margheri F, Manetti M, Serratì S, Nosi D, Pucci M, Matucci-Cerinic M, et al. Domain 1 of the urokinasetype plasminogen activator receptor is required for its morphologic and functional, beta2 integrin-mediated connection with actin cytoskeleton in human microvascular endothelial cells: failure of association
in systemic sclerosis endothelial cells. Arthritis Rheum 2006; 54:3926–38. PMID: 17133606

24.

Casnici C, Lattuada D, Tonna N, Crotta K, Storini C, Bianco F, et al. Optimized "in vitro" culture conditions for human rheumatoid arthritis synovial fibroblasts. Mediators of inflammation 2014; 702057. doi:
10.1155/2014/702057 PMID: 25548436

25.

Lombardi A, Cantini G, Mello T, Francalanci M, Gelmini S, Cosmi L, et al. Molecular mechanisms
underlying the pro-inflammatory synergistic effect of tumor necrosis factor alpha and interferon gamma
in human microvascular endothelium. Eur J Cell Biol. 2009; 88(12):731–42. doi: 10.1016/j.ejcb.2009.
07.004 PMID: 19782427

26.

Crescioli C, Cosmi L, Borgogni E, Santarlasci V, Gelmini S, Sottili M, et al. Methimazole inhibits CXC
chemokine ligand 10 secretion in human thyrocytes. J Endocrinol 2007; 195(1):145–55. PMID:
17911406

27.

Del Rosso M, Fibbi G, Matucci Cerinic M. The urokinase-type plasminogen activator system and inflammatory joint diseases. Clin Exp Rheumatol. 1999; 17(4):485–98 PMID: 10464565

28.

Cosmi L, Liotta F, Maggi E, Romagnani S, Annunziato F. Th17 and non-classic Th1 cells in chronic
inflammatory disorders: two sides of the same coin. Int Arch Allergy Immunol. 2014; 164(3):171–7. doi:
10.1159/000363502 PMID: 25033972

29.

Marotte H, Cimaz R. Etanercept—TNF receptor and IgG1 Fc fusion protein: is it different from other
TNF blockers? Expert Opin Biol Ther. 2014; 14(5):569–72. doi: 10.1517/14712598.2014.896334
PMID: 24611432

30.

Maggi L, Cimaz R, Capone M, Santarlasci V, Querci V, Simonini G, et al. Brief report: etanercept inhibits
the tumor necrosis factor α-driven shift of Th17 lymphocytes toward a nonclassic Th1 phenotype in juvenile idiopathic arthritis. Arthritis Rheumatol. 2014; 66: 1372–7. doi: 10.1002/art.38355 PMID: 24470328

31.

Carter RA, Wicks IP. Vascular cell adhesion molecule 1 (CD106): a multifaceted regulator of joint
inflammation. Arthritis Rheum. 2001; 44:985–994. PMID: 11352261

32.

Von Andrian UH, Engelhardt B. Alpha4 integrins Integrins as Therapeutic Targets in Autoimmune Disease. New England Journal of Medicine 2003; 348: 68–72.

33.

Ríos-Navarro C, de Pablo C, Collado-Diaz V, Orden S, Blas-Garcia A, Martínez-Cuesta MÁ, et al. Differential effects of anti-TNF-α and anti-IL-12/23 agents on human leukocyte-endothelial cell interactions. Eur J Pharmacol. 2015; 765:355–365. doi: 10.1016/j.ejphar.2015.08.054 PMID: 26344475

34.

Morales-Ducret J, Wayner E, Elices MJ, Alvaro-Gracia JM, Zvaifler NJ, Firestein GS. Alpha 4/beta 1
integrin (VLA-4) ligands in arthritis. Vascular cell adhesion molecule-1 expression in synovium and on
fibroblast-like synoviocytes. J Immunol. 1992; 149(4):1424–31. PMID: 1380043

35.

Bombara MP, Webb DL, Conrad P, Marlor CW, Sarr T, Ranges GE, et al. Cell contact between T cells
and synovial fibroblasts causes induction of adhesion molecules and cytokines. J Leukoc Biol. 1993;
54(5):399–406. PMID: 7693840

PLOS ONE | DOI:10.1371/journal.pone.0154422 April 28, 2016

14 / 14

