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T cell receptor-independent,  
cD31/il-17a-Driven inflammatory 
axis shapes synovitis in Juvenile 
idiopathic arthritis
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T cells are considered autoimmune effectors in juvenile idiopathic arthritis (JIA), but 
the antigenic cause of arthritis remains elusive. Since T cells comprise a significant 
proportion of joint-infiltrating cells, we examined whether the environment in the joint 
could be shaped through the inflammatory activation by T cells that is independent 
of conventional TCR signaling. We focused on the analysis of synovial fluid (SF) col-
lected from children with oligoarticular and rheumatoid factor-negative polyarticular 
JIA. Cytokine profiling of SF showed dominance of five molecules including IL-17A. 
Cytometric analysis of the same SF samples showed enrichment of αβT cells that lacked 
both CD4 and CD8 co-receptors [herein called double negative (DN) T cells] and also 
lacked the CD28 costimulatory receptor. However, these synovial αβT cells expressed 
high levels of CD31, an adhesion molecule that is normally employed by granulocytes 
when they transit to sites of injury. In receptor crosslinking assays, ligation of CD31 
alone on synovial CD28nullCD31+ DN αβT cells effectively and sufficiently induced phos-
phorylation of signaling substrates and increased intracytoplasmic stores of cytokines 
including IL-17A. CD31 ligation was also sufficient to induce RORγT expression and 
trans-activation of the IL-17A promoter. In addition to T cells, SF contained fibrocyte- 
like cells (FLC) expressing IL-17 receptor A (IL-17RA) and CD38, a known ligand for 
CD31. Stimulation of FLC with IL-17A led to CD38 upregulation, and to production 
of cytokines and tissue-destructive molecules. Addition of an oxidoreductase analog 
to the bioassays suppressed the CD31-driven IL-17A production by T cells. It also 
suppressed the downstream IL-17A-mediated production of effectors by FLC. The 
levels of suppression of FLC effector activities by the oxidoreductase analog were 
comparable to those seen with corticosteroid and/or biologic inhibitors to IL-6 
and TNFα. Collectively, our data suggest that activation of a CD31-driven, αβTCR- 
independent, IL-17A-mediated T cell-FLC inflammatory circuit drives and/or perpet-
uates synovitis. With the notable finding that the oxidoreductase mimic suppresses 
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the effector activities of synovial CD31+CD28null αβT cells and IL-17RA+CD38+ FLC, 
this small molecule could be used to probe further the intricacies of this inflammatory 
circuit. Such bioactivities of this small molecule also provide rationale for new trans-
lational avenue(s) to potentially modulate JIA synovitis.

Keywords: cD31, double negative alpha beta T cells, fibrocyte-like cells, il-17, juvenile idiopathic arthritis, 
oxidoreductase, synovial inflammation, Tcr-independent

inTrODUcTiOn

Juvenile idiopathic arthritis (JIA) is a highly prevalent rheumatic 
disease of childhood before the age of 16 years. It is a genetic 
and clinical entity distinct from adult-onset rheumatoid arthritis 
(RA). The clinical subtypes of JIA have their own treatment 
patterns and prognostic courses (1). Thus, elucidating immu-
nopathways unique to JIA may be informative for therapeutic 
innovations.

Multiple HLA associations of JIA implicate involvement 
of T  cells (2). Oligoclonal expansions of these cells in blood 
and synovial fluid (SF) are well documented (3). However, the 
antigenic driver(s) of oligoclonality, or antigenic cause(s) of JIA 
disease remain elusive. Nevertheless, T  cells play a role in JIA 
pathogenesis as they comprise a significant proportion of joint-
infiltrating cells (4, 5).

Early studies on T  cells in JIA showed many cells lacked 
expression of the costimulatory molecule CD28 (6). We have 
reported that there is a pervasive CD28nullCD8+ T cell population 
in oligoarticular and rheumatoid factor (RF)-negative polyar-
ticular JIA (7), the two most prevalent clinical subtypes. CD28 is 
required to sustain T cell activation, but is irreversibly lost with 
chronologic aging (8). Aged human CD28null CD4+ and CD8+ 
T  cells are nonetheless functionally active (9), due in part to  
de novo expression of other molecules such as NK-related recep-
tors CD56 and NKG2D that are capable of directly activating 
T  cells (10). In JIA, we reported the in  vivo accumulation of 
CD28nullCD8+ T cells disproportionately with age (7). This CD8 
subset is prematurely senescent as indicated by their shortened 
telomeres, limited proliferative capacity, and expression of mitotic 
inhibitors. Furthermore, they express CD31, a receptor normally 
employed by granulocytes during their entry into sites of injury  
(11). In mice, CD31−/− granulocytes are unable to traverse endo the-
lial barriers (12). Thus, accumulation of CD31+CD28nullCD8+ 
T cells in JIA SF suggests their pathogenic role.

We sought to further evaluate the functional relevance of CD31 
expression on joint-infiltrating T  cells. We analyzed SF from 
another JIA cohort. Here, we report a subset of CD31+CD28null 
αβT cells that lack expression of both CD4 and CD8, referred to as 
double negative (DN) T cells. We hypothesized that CD31-driven 
T cell activation elaborates an inflammatory signature of SF. Of 

Abbreviations (non-standard Immunology): ANA, anti-nuclear antibody; DN, 
double negative; FLC, fibrocyte-like cells; IL6i, clinically used biologic inhibitor 
of IL-6; JIA, juvenile idiopathic arthritis; MnT2E, Mn(III) meso-tetrakis(N-
ethylpyridinium-2-yl)porphyrin; RA, rheumatoid arthritis; RF, rheumatoid factor; 
SF, synovial fluid; SFMC, mononuclear cells in SF; TNFi, clinically used biologic 
inhibitor of TNF.

interest is whether synovial CD31+CD28null DN and CD8+ αβT cells 
respond similarly, or differently, to CD31 triggering. A corollary 
hypothesis is whether molecular effector(s) derived from CD31-
activated synovial αβT  cells leads to downstream activation of 
other SF mononuclear cells (SFMC) thereby compounding local 
inflammation.

MaTerials anD MeThODs

human subjects and Biological 
specimens
Institutional Review Boards of the University of Pittsburgh 
approved all research protocols. Written informed consent 
from parents/legal guardians, and assent of child subjects as 
appropriate, were obtained. Children with oligoarticular or RF− 
polyarticular with JIA were recruited from the Rheumatology 
Clinic of Children’s Hospital of Pittsburgh. RF+ polyarthritis, 
enthesitis-related arthritis, and psoriatic arthritis were excluded 
since these are considered separate genetic and clinical entities 
(13, 14). Patients undergoing arthrocentesis were targeted as 
donors of SF. Blood were also collected from our broader JIA 
patient base. Similar blood samples were collected from healthy 
controls, or those de-identified waste/residual clinical samples 
from our Clinical Laboratory Services.

As we have done in previous studies (7, 15–17), cell-free 
plasma was prepared by low speed centrifugation of blood. 
Similar centrifugation was carried out to isolate cell-free SF 
preparations from whole SF. Blood and SF samples with evidence 
of hemolysis were not used for these cell-free preparations. The 
centrifuged blood and SF samples were subsequently used to 
isolate peripheral blood mononuclear cells (PBMC) and SFMC, 
respectively, by standard isopycnic centrifugation. Cell contami-
nation of plasma/SF preparations, and cell viability of PBMC/
SFMC were verified by trypan blue staining, and/or by live cell 
counting using Countess II (Life Technologies). Aliquots of 
cell-free plasma/SF were stored in −80°C freezer until analysis. 
PBMC and SFMC aliquots were cryopreserved using a standard-
ized protocol that we had validated previously to yield >90% 
recovery (7, 16).

Flow cytometry
Multicolor cytometry was performed on SFMC and PBMC 
stained with fluorochrome-conjugated antibodies to cell surface 
and intracellular markers. All samples included a cell viability dye 
(ZombieUV™, BioLegend), which was used for the electronic 
gating of live cells. Raw cytometry data were acquired using a 
custom 5-laser Aria II cytometer (BD Biosciences). Off-life 
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analyses of cell populations were performed using FlowJo soft-
ware (Tree Star). Immunostaining, instrument calibration, signal 
optimization, and off-line analyses employed our standardized 
procedures (7, 16).

We focused on conventional T cells defined as TCRαβ+ (T10B9, 
BD), and were examined for expression of CD4 (OKT4, BD), 
CD8 (RPA-T8, BioLegend), CD28 (CD28.2, Novus Biologicals), 
and CD31 (2H8, Abcam). Discrimination of αβT  cell subsets 
was achieved by exclusion staining for γδT  cells (5A6.E91, 
ThermoFisher), monocytes (CD14: M5E2, BD), B cells (CD19: 
SJ25-C1, BD), NK cells (CD16/CD56: 3G8/NCAM16.2, BD), and 
plasma cells (CD138: 281-2, BD).

Non-lymphoid SFMC were also screened for co-expression 
of procollagen 1 (2Q576, Abcam) and proline-4-hydroxylase 
(EPR3661, Abcam), markers of mesenchymal fibrocytes report-
edly found in circulation especially during injury (18). Since 
these markers are also characteristic of tissue fibroblasts (19, 20), 
we coined the term “fibrocyte-like cells (FLC)” reflecting their 
yet undetermined origin. We employed an immunostaining 
protocol for FLC by excluding the above mentioned hemat-
opoietic markers and also tissue macrophages (CD68: Y1/82A, 
BD) in a single channel. For FLC, we screened for expression of 
IL-17 receptor A (IL-17RA) (0A01905, BD) and CD38 (HIT2, 
BioLegend).

Multiplex analyses of cell-Free sF  
and Plasma
A panel of 25 cytokines/chemokines was examined based on 
a broader global cytokine screening reported by de Jager et al. 
(21) and from our survey of current literature about their 
relevance to inflammation in general, and in disease settings of 
non-infectious arthritis. Using a customized kit (MILLIPLEX® 
MAP, Millipore Sigma) cytokine analyses were performed 
using previously standardized Luminex procedures (7). Raw 
data were acquired using MAGPIX or BioPlex200 (BioRad). 
Data quality was ascertained by a standard curve for each plate. 
We routinely set two overlapping standard curves, above and 
below the manufacturer’s recommended setting. These plate 
curves were then used to determine confidence intervals in 
the construction a normalization curve. The latter was then 
used to adjust intra-plate variations and to calculate cytokine 
concentrations.

T cell Bioassays
Preparation of cells for intracellular cytometry followed previous 
procedures (7, 16). CD31+CD28null DN and CD8 αβT cells were 
enriched from SFMC using EasySep (Stem Cell Technologies); 
preparations >85% enrichment used in experiments. Jurkat and 
JRT3 (both purchased from ATCC) were used as cell models for 
CD31+CD3+TCR+, and CD31+CD3−TCR−, respectively; these 
phenotypes verified by cytometry. Receptor crosslinking was 
performed according to previous procedures (7) using anti-CD31 
(WM59, ab218, Abcam), anti-CD3 (OKT3, Centocor Ortho 
Biotech), anti-TCRαβ (1P26, BioLegend), or normal mouse Ig 
(BD) as stimulators. Crosslinking was achieved by excess amount 
of Cy5-conjugated anti-mouse Ig (BioLegend). Cytometry was 

performed by gating on cross-linked αβT cells, visualized as Cy5+ 
cells that were also CD8+CD4− or CD4−CD8−.

For some cultures, two small molecule inhibitors were added. 
One is Imatinib (Gleevec®, Selleck Chem), an inhibitor of cata-
lytically active cAbl kinase that is currently used in the treatment 
of chronic myelogenous leukemia (CML) (22). It was added at 
50 nM. The other is Mn(III) meso-tetrakis(N-ethylpyridinium-
2-yl)porphyrin (MnT2E), a Mn porphyrin mimic of superoxide 
dismutase that was originally developed to neutralize the 
tissue-destructive effects of superoxide (23). It has been shown 
experimentally to also inhibit the DNA-binding activity of NFκB 
(24). It was added at 34  µM (GMP grade, provided by Albany 
Molecular Research Inc., to JDP). The concentrations of Imatinib 
and MnT2E used were empirically determined as non-toxic 
(>95% cell viability).

For intracellular detection of IL-6 (AS12, BD), IL-17A 
(BL168, BioLegend), TNFα (Mab11, BD), and IFNγ (B27, BD), 
and RORγT (Q21-559, BD), a regulator IL-17A gene trans-
cription (25), the crosslinked cells were cultured for 6 h in the  
presence of GolgiPlug™ reagent (BD) (7) in 7.5% CO2 at 
37°C. For signa ling intermediates, the phosphorylated forms 
of ZAP70 (Y272; J34-602, BD), serine-threonine kinase Akt 
(S473; M89-61, BD), p16 subunit of NFκB referred to as RelA 
(S529; K10-895.12.50, BD), and Abelson kinase cAbl (Y245; 
ab62189, Abcam) were examined within 10  min of receptor 
crosslinking. These signaling phosphoproteins were identified 
from empirical proteomic screening (Hypromatrix). All intra-
cellular cytometry procedures were performed according to our 
previous protocols (7).

confocal Microscopy
Cells were incubated with anti-CD31 as described above. This 
was followed by crosslinking with anti-IgG immobilized onto 
microbeads labeled with Allophycocyanin (Spherotec). After 
10  min, cells were fixed in paraformaldehyde, permeabilized 
with 0.1% Triton-PBS, washed, and blocked in 20% donkey 
serum. Cells were then incubated for 18 h with anti-phospho-
Y245 cAbl (ab62189, Abcam) at 4°C, followed by anti-IgG 
conjugated with fluorescein isothiocyanate (Abcam) for 2  h 
at room temperature, counterstained with 4′,6-diamidino-2- 
phenylindole (Invitrogen), and applied to a glass coverslip with 
Aqua PolyMount. Images were acquired on an Fluoview 1000 
confocal microscope (Olympus).

Flc Bioassays
SFMC were first cultured overnight. The plastic-adherent cells 
were expanded to >70% confluence. Purity of the cultures 
determined cytometrically. FLC between second and fifth pas-
sages were incubated with or without non-toxic 20–2,000  ng/ml  
recombinant IL-17A (R&D Systems). In other experiments, FLC 
were cultured in 200 ng/ml IL-17A with the addition of 5 µM of 
a corticosteroid (Triamcinolone Acetonide, Aristospan®) or the  
biologic inhibitor of TNF (TNFi) Infliximab (Remicade®), or the 
biologic inhibitor of IL-6 (IL6i) Tocilizumab (Actemra®); or 34 µM 
MnT2E. After 24 h, CD38 expression was measured cytometrically, 
and the types and concentrations of soluble factors in the culture 
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TaBle 1 | Characteristics of study cohorta.

healthy Oligoarticular 
juvenile  

idiopathic  
arthritis (Jia)

rheumatoid 
factor− 

polyarticular 
Jia

Specimen type Blood Blood Synovial 
fluid (SF)

Blood SF

Number of samples  
(# Black)

30 (4) 32 39 (2) 30 15

Sex, female/male 17/13 20/12 25/14 18/12 9/6
Mean age, years

Boys
At sampling 8.99 9.43 11.37 10.7 16.26
At disease onset (n/a) 6.96 9.55 5.84 8.19

Girls
At sampling 12.7 9.51 10.12 10.7 16.03
At disease onset (n/a) 6.37 6.64 6.4 5.7

Mean of disease  
duration (years)

(n/a) 3.62 2.71 4.5 10.44

Medicationb

NSAID (n/a) 25 25 16 9
Steroids, oral (n/a) 2 1 2 1
Steroids, IA (total  
joints injected)

(n/a) 10 (20) 39 (62) 9 (22) 15 (18)

Steroids, IV (n/a) 0 0 0 0
Steroids, topical (n/a) 0 6 0 1
Methotrexate (n/a) 12 7 19 5
Biologic agents (n/a) 4 1 8 3
Other DMARD (n/a) 2 2 2 3
Anti-nuclear antibody+  
(number subjects tested)

(n/a) 16 (30) 15 (38) 7 (19) 5 (15)

Number of involved  
joints at sampling

(n/a) 1.03 1.53 2.27 1.83

Uveitis history (n/a) 0 6 0 1

aBlood and SF aspirates were obtained at during routine medical visits of patients. 
There were no paired blood-SF samples.
bMedications were tallied at the time of consent/assent. Some patients were taking 
multiple medications. NSAID: meloxicam, ibuprofen, tolmentin, naproxen, diclofenac, 
and indomethacin. Biologic agents: etanercept, adalimumab, and infliximab. Other 
DMARD: sulfasalazine and hydroxychloroquine.
(n/a), not applicable; DMARD, disease modifying anti-arthritic drug; IA, intraarticular 
injection; IV, intravenous injection; NSAID, non-steroidal anti-inflammatory drug.
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supernatant were examined by Luminex using a kit (LXSAHM18, 
R&D Systems). This kit consists of 18 molecules based on the global  
SF screening of de Jager et  al. (21) and reports about IL-17A-
induced molecules in other experimental systems including adult 
arthritis (26–29).

Transient Transfection
With their homogeneous phenotype, Jurkat and JRT3 were 
used to test specifically the CD31-driven induction of IL-17A. 
Twenty µg luciferase plasmid reporter controlled by full-length 
IL-17A gene promoter (30), and 20  ng pRL Renilla luciferase 
plasmid (Promega) were co-transfected into 1 × 106 cells using 
Lipofectamine (ThermoFisher). Subsequently, receptor cross-
linking was performed as described above. As system control, 
transfected cells were also stimulated with phorbol myristyl 
acetate (PMA) and ionomycin. Normalized luciferase reporter 
activity was determined as described previously (30).

statistical analysis
Data analyses were performed using SPSS software (V24, IBM). 
Due to intrinsic individual variations, data from T  cell and 
FLC bioassays were normalized by expressing each response 
as stimulation index, or as percent (or fold) induction above 
or below the media or IgG controls as we have done previously 
(7). Stimulation indices were calculated from the difference 
of the experimental value and the media control divided by 
the appropriate IgG isotype control or solvent/carrier media 
as in the case of bioassays with Imatinib and MnT2E. We 
used this procedure reproducibly in a variety of experimental 
settings (7, 9, 16, 31–33). Kruskal–Wallis analysis of variance 
(ANOVA) was performed and post  hoc pair-wise compari-
sons used the Tukey statistic. P-value <0.05 was considered  
significant.

resUlTs

characteristics of the study cohort
Consistent with epidemiologic studies (34) JIA patients exam-
ined were predominantly female as shown in Table  1. This 
gender-bias was used as reference for the random subsampling 
of an equivalent female-biased healthy group. The entire cohort 
was predominantly Caucasian, representative of our patient 
population. Patients had long-standing oligoarticular or RF− 
polyarticular disease. They had varying age of disease onset and 
disease duration. There were no blood and SF samples from 
the same patient. Donors of SF were slightly older. There were 
multiple medications used, including topical steroids mirroring 
the patients with confirmed uveitis. None of the patients were 
newly diagnosed cases. Although anti-nuclear antibody (ANA) 
serology data were not available for all patients, about half of 
those tested were ANA+. At the time of consent/assent, patients 
had 1–3 swollen large joints.

Predominance of Five cytokines in sF
Cytokines are recognized effectors of inflammation in JIA and 
have become therapeutic targets for neutralization using specific 

antibody blockers (35). Here, our primary goal was to examine 
the microenvironment of the JIA joint. Accordingly, experiments 
focused on SF, using PBMC and plasma from healthy controls 
and patients as internal references for SFMC phenotyping and 
cytokine profiling of cell-free SF, respectively.

Of 25 cytokines and chemokines examined, Figure 1 shows 
IL-6, IL-10, IL-17A, IFNγ, and TNFα were found at significantly 
higher concentrations in SF compared to plasma. The cytokine 
SF/plasma levels of the two patient groups were equivalent. 
However, plasma levels of these five cytokines were not signifi-
cantly different between patients and controls. Plasma cytokine 
levels were generally low. As depicted, IL-2 levels were not differ-
ent between the subject groups thereby establishing confidence 
of the multiplex assay.

cD31+cD28null Dn αβ T cells constitute  
a Major cellular component of sF
We reported previously that JIA carry CD31+CD28nullCD8+ T cells  
(7). Figure 2A illustrates the cytometry gating strategy for SFMC 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 1 | Cytokine profiles in blood and cell-free SF of JIA patients. Data 
shown (n = 15–39 per group as in Table 1) are box-median-whisker plots 
of the five most dominant cytokines found in SF compared to plasma. The 
boxes represent the 25th and 75th percentile of values. The whiskers were 
the 5th and 95th percentile of values. There was not a global cytokine 
upregulation as shown by negligible detection of IL-2. The indicated 
P-values were determined by Kruskal–Wallis ANOVA. Between group 
comparisons were made using the post hoc Tukey statistic: [***], [**], and [*] 
P < 0.005, P < 0.01, and P < 0.05, respectively, indicate JIA SF is 
significantly different from healthy and JIA plasma; [@] indicates polyarticular 
[poly]/oligoarticular [oligo] SF were not significantly different from poly JIA 
plasma, but were significantly different (P < 0.05) from oligo JIA and healthy 
plasma. Abbreviation: NS, not significant.
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and PBMC. Focusing on TCRαβ+ gate, we found a new subset, 
namely, CD31+CD28nullDN T cells. Figure 2B shows this subset 
comprised up to 80% (median ~48%) of the entire SF αβT cells 
in both oligoarticular and RF− polyarticular JIA. The frequency 
of this SFMC subset was equivalent between the two patient 
groups. Using the same gating strategy for PBMC, the data also 
show similar CD31+CD28nullDN T  cells that constituted up 
to 38% of the total circulating αβT cells in oligoarticular and 
polyarticular JIA (medians of 21 and 26%, respectively). This 
DN T  cell subset was found at very low frequency (<8%) in 
healthy PBMC.

CD28 is lost progressively with chronologic aging (8). 
Figure  2C shows that age-adjustment of the frequency of 
CD31+CD28nullDN T cells reveal their annual accumulations for 
up to 5.3% per age-year in blood. The yearly medians between 
the two patient groups were equivalent, but these medians were 
significantly higher than the <0.8% accumulation per age-year in 

blood of healthy children. In SF, there were significantly higher 
accumulations of CD31+CD28null DN T cells for up to 9.2% per 
age-year. The medians were 5 and 6.4% for oligoarticular and 
polyarticular JIA SFMC, respectively.

cD31-Driven, Tcr-independent 
expression of cytokines, and 
Phosphorylation of signaling 
intermediates in synovial  
cD31+cD28null αβT cells
In keeping with our primary goal to more closely examine 
the microenvironment of the inflamed joint, bioassays were 
performed to determine whether synovial CD31+CD28null sub-
sets of DN and CD8+ αβT cells were sources of the cytokines 
detected in SF. Figure 3A illustrates the strategy for receptor 
crosslinking using specific antibodies to either CD31 (WM59), 
αβTCR (1P26), or CD3 (OKT3, Orthoclone), followed by Cy5-
conjugated anti-mouse Ig. Cy5+ cells were then examined for 
the expression of CD8, CD4, CD31 (2H8), and intracellular 
cytokines. Figure 3B shows that within 6 h of CD31 ligation 
alone, there was induction of high levels of intracellular IL-6, 
IL-17A, IFNγ, and TNFα in primary CD31+ DN and CD8+ 
αβT cells. The levels of CD31-driven cytokine production were 
generally equivalent with those induced by CD3 or TCR liga-
tion. For CD31+ DN T cells, CD31-induced production levels 
of IFNγ, IL-6, and IL-17A were significantly higher than the 
other stimulation groups. Similar higher levels of CD31-driven 
production of IL-6 and IFNγ were observed for CD31+ CD8+ 
T  cells. Due to high staining background, cytoplasmic IL-10 
was not measured.

To verify these results in a more tractable model, we exam-
ined CD3+TCR+CD31+ Jurkat. As depicted (Figure  3B third 
row), similar crosslinking of Jurkat recapitulated the cytokine 
production data from synovial CD31+ DN and CD8+ αβT cells. 
We also used JRT3, a somatic variant of Jurkat with mutated 
CD3 and TCRB genes (ATCC) (36, 37), verified as CD3− and 
αβTCR−, but CD31+, by cytometry. Consistent with these phe-
notypic characteristics, JRT3 cells showed an exclusive CD31-
driven cellular expression of the same four cytokines (Figure 3B 
fourth row).

We also examined whether ligation of CD31 alone is sufficient to 
induce phosphorylation signaling intermediates. Specifically, we 
focused on ZAP70, Akt, RelA, and cAbl, four molecules found 
during an empirical screening of phosphoprotein expression 
following CD31 ligation (see Materials and Methods). ZAP70 
and Akt are components of conventional TCR-driven activation 
of T  cells (38, 39). RelA is a known component of the NFkB 
pathway linked to many inflammatory cascades (40). cAbl is of 
interest since it is not a known component of classical CD31 
signaling, which has been studied extensively in non-immune 
cells (41, 42). Proving its mobilization following CD31 ligation on 
αβT cells would validate it as component of CD31-driven TCR-
independent T cell-mediated inflammation. Figure 4 shows that 
within 10 min of CD31 ligation, there were highly significant 
phosphorylations of ZAP70, Akt, RelA, and cAbl compared to 
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FigUre 2 | αβT cell profiles in PBMC and SFMC of JIA patients. (a) Illustrative flow of the electronic gating strategy for cytometric determination of the expression 
of TCRαβ, CD4, CD8, CD28, and CD31. The gating profile shown was for an SFMC sample, which was very similar with a parallel PBMC gating profile. Following an 
initial live/dead electronic gate, the height and width of the forward scatter was used to set a single cell gate for lymphocytes that were sequentially examined for 
CD4, CD8, CD28, and CD31. (B) Box-median-whisker plots shown are the raw frequency and (c) the age-adjusted frequency of CD31+CD28nullDN αβT cells as a 
proportion of the total parent population of gated αβTCR+ cells. The plots were constructed as in Figure 1. The indicated P-values were determined by Kruskal–
Wallis analysis of variance. Post hoc group comparisons by Tukey: ***P < 0.005 indicates SFMC of oligoarticular [oligo] and polyarticular [poly] JIA were significantly 
different from JIA/healthy PBMC; *P < 0.05 indicates JIA PBMC was significantly different from healthy PBMC.
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the IgG istotype controls in synovial DN and CD8+ αβT cells. 
The phosphorylation levels were largely equivalent between 
CD31, TCR, and CD3 ligations. In Jurkat, these phosphoryla-
tion events were reproduced in similar crosslinking assays. In 
JRT3, the phosphorylations were seen only in response to CD31 
ligation.

cD31-Driven cabl Polarization, and Down 
Modulation of cD31-Driven cytokine 
Production by an inhibitor of cabl  
and an Oxidoreductase analog
Because classical CD31 signaling in non-immune cells (41, 
42) has not been shown to involve cAbl, we analyzed whether 

cAbl was mobilized following TCR-independent CD31 liga-
tion on T  cells. Figure  5A shows representative imaging of 
phospho-cAbl polarization in five independent experiments. 
A Z-stack of confocal slices, and the single cell image (Inset, 
CD31-stimulated) showed phosphorylated cAbl localized at 
the point of contact between the T  cell and the anti-CD31-
bead. Polarized phospho-cAbl was observed at an average of 
85% of cells per microscope field in 20 fields scanned in each of 
the five experiments. In contrast, cells incubated in IgG-bead 
had some random scattering of minutely speckled staining of 
cAbl, but there was no distinct polarization of the cAbl staining 
signal (Inset, Unstimulated). These observations indicated that 
CD31 signaling independent of TCR engagement in T  cells 
involved cAbl.
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FigUre 3 | CD31 ligation alone is sufficient to induce intracellular expression of cytokines. (a) Diagram of receptor crosslinking with specific antibody, and the 
relevant gate of crosslinked (Cy5+) cells for subsequent cytometric analyses. (B) The data shown (bar means, SD whiskers; n = 5–11 per group) are intracellular 
levels of IFNγ, IL-6, IL-17, and TNFα in synovial CD31+CD28null double negative (DN) and CD8+ αβT cells within 6 h of stimulation via CD3, TCRαβ, CD31, or IgG 
control. The data were expressed as stimulation index to normalize intrinsic variability between individual donors and culture batch differences of Jurkat or JRT3 
cells. The plots were constructed as in Figure 1. The indicated P-values were determined by Kruskal–Wallis ANOVA. Post hoc group comparisons by Tukey: [***] 
and [**] P < 0.005 and P < 0.05, respectively, indicate CD31 crosslinking was significantly different from TCR or CD3 crosslinking and the IgG control [Cont] for 
synovial DN and CD8+ T cells, Jurkat, and JRT3; [@] indicates CD31 crosslinking was not significantly different from TCR and CD3 crosslinking, but was significantly 
different (P = 0.001) from the IgG control.
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The role of cAbl is further shown in Figure  5B. Imatinib,  
a known and clinically used inhibitor of constitutively active cAbl 
(22), consistently reduced the levels of CD31-driven phospho-
rylation of cAbl. In line with previous reports (43, 44), Imatinib 
also reduced the levels of RelA phosphorylation and intracellular 

expression of TNFα and IFNγ. Additionally, there was significant 
reduction of IL-17A expression. Similarly, MnT2E, a synthetic 
mimic of superoxide dismutase (23), significantly reduced 
CD31-driven RelA phosphorylation consistent with its reported 
inhibition of the DNA-binding activity of NFkB (24). MnT2E 
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FigUre 4 | CD31 ligation alone is sufficient to elicit phosphorylation of signaling intermediates. Using the same crosslinking bioassay in Figure 3a, the data  
shown (bar means, SD whiskers; n = 5–9 per group) are phosphorylation levels of ZAP70, cAbl, AKT, and RelA within 15 min of stimulation via CD31, TCR, CD3,  
or IgG control. The data are normalized stimulation indices as in Figure 3B. The indicated P-values were determined by Kruskal–Wallis ANOVA. Post hoc group 
comparisons by Tukey: [***] and [**] P < 0.005 and P < 0.05, respectively, indicate CD31 crosslinking was significantly different from TCR or CD3 crosslinking or the 
IgG control [Cont]; [@] indicates CD31 crosslinking was not significantly different from TCR or CD3 crosslinking, but was significantly different (P = 0.0001) from the 
IgG control.
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also reduced cAbl phosphorylation and intracellular expression 
of IL-17A, IFNγ, and TNFα. Unexpectedly, the level of suppres-
sion of CD31-driven expression of IL-17A by both Imatinib and 
MnT2E was significantly greater than the levels of suppression of 
IFNγ and TNFα expression.

cD31-Driven, αβTcr-independent 
activation of IL-17A gene Promoter
We further examined whether CD31 directly affected IL-17A 
production. Figure  6A shows CD31 ligation alone induced 
RORγT expression at significantly higher level than that induced 
conventionally via αβTCR or CD3 in synovial CD31+ DN and 
CD8+ αβT cells, and in Jurkat cells. For JRT3 cells, induction of 
RORγT expression was exclusive to CD31 ligation. Furthermore, 
Figure 6B shows CD31 ligation alone was sufficient to trans- 
activate the IL-17A gene promoter as assessed by luciferase reporter  
assays using Jurkat and JRT3. As expected, stimulation of Jurkat 

and JRT3 with the mitogen PMA/ionomycin, which bypasses 
TCR signaling, resulted in high luciferase activity compared to 
the IgG control albeit this JRT3 mitogenic response was higher 
than Jurkat.

Flc are Downstream Targets of il-17a 
and are sensitive to suppression by 
MnT2e as effective as TnFi and il6i
In cytometric analyses of SFMC, we routinely noticed the presence 
of SFMC of larger size (forward scatter) and higher granularity 
(side scatter) compared to the electronically gated lymphocytes 
(depicted by bounding box in Figure 2A). Figure 7A illustrates 
individual variations in the proportions of these non-lymphoid 
SFMC, which were recognized from the exclusion staining 
of TCRαβ, TCRγδ, CD3, CD4, CD16, CD19, and CD56 by 
back-gating strategies. These non-lymphoid cells uniformly 
co-expressed procollagen 1 and proline-4-hydroxylase, the 
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FigUre 5 | cAbl is a signaling substrate of CD31-driven TCR-independent activation of synovial αβT cells. (a) Micrographs shown are representative confocal 
images of CD31-driven polarization of cAbl in αβT cells from five independent experiments. The Z-stack (left to right order) were sequential image slices from the top 
to the bottom of a cell (DAPI and Green staining) and a fluorescent bead (Red) with immobilized anti-CD31. (B) The data shown (bar means, SD whiskers; n = 4–7 
per group) are percent inhibition of CD31-driven expression of phospho-cAbl and phospho-RelA, and intracellular expression of TNFα, IFNγ, and IL-17A by 50 nM 
Imatinib or 34 µM MnT2E in CD31-crosslinked synovial CD31+CD28null DN and CD8+ αβT cells CD31 crosslinking was performed as in Figure 3a. Data 
normalization was done as in Figures 3B and 4. The indicated P-values were determined by Kruskal–Wallis ANOVA. Post hoc group comparisons  
by Tukey: *P < 0.05 indicates MnT2E and Imatinib induced greater magnitudes of reduction of CD31-driven IL-17A expression than the inhibitor-induced  
reductions of cAbl, TNFα, IFNγ, and RelA expression.

9

Ferguson et al. CD31/IL-17A Axis of Synovitis in JIA

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1802

typical markers of fibroblasts and circulating fibrocytes (18–20). 
They also expressed the receptor for IL-17 (IL-17RA) and 
CD38, a ligand for CD31 (45). Further, Figure 7B shows these 
non-lymphoid cells were adherent to plastic and were ame-
nable for short-term propagation. They had varying stellate 
to ameboid morphology, and retained expression of procol-
lagen 1, proline-4-hydroxylase, IL-17RA, and CD38. These 
morphological characteristics underscore their designation as 
“fibrocyte-like cells.”

It is not yet known whether FLC in JIA SFMC derive from 
the same lineage as the hyperplastic fibroblast-like synoviocytes 
found in adult RA synovial tissue, which may be similarly positive 
for procollagen 1 and proline-4-hydroxylase (46). It is also unclear 
if FLC were fibrocytes, which could be found in small numbers 
in blood (18) and then infiltrated the joint. Neither is yet known 
if FLC were fibroblasts that detached from the pannus of the 
inflamed JIA joint. Irrespective of their origin, Figure 7C shows 
that consistent with their expression of IL-17RA, FLC exposed 
to recombinant IL-17A showed a dose-dependent increased 
expression of CD38. There were no differences in phenotype 
and responsiveness to IL-17A of FLC between oligoarticular and 
RF− polyarticular JIA.

The responsiveness of FLC to IL-17A was further examined 
by the addition of MnT2E, the biologics of TNFi and IL6i, or 
corticosteroid to the bioassays. Here, we focused on IL-17A-
induced molecular effectors from experimental systems includ-
ing those implicated in juvenile and adult arthritis (21, 26–29). 

Out of 18 molecular effectors examined, 3 cytokines (TNFα, IL-6, 
and IL-1β) and 5 chemokines [CXCL1, CXCL8 (IL-8), CCL2 
(MCP1), CCL3 (MIP1α), and CCL7 (MCP3)] were found to be 
significantly induced IL-17A (Figure  8). Additionally, IL-17A 
induced production of tissue-destructive proteins, namely,  
6 metalloproteinases (MMP; MMP2, 3, 7, 8, 13, and 13) and vas-
cular endothelial growth factor (VEGF) (Figure 9). There were 
no significant differences in MMP1, MMP9, and tissue inhibitor 
of metalloproteinase-1 levels between control FLC cultures and 
those incubated in IL-17A. Production of the 15 IL-17A-induced 
effectors by FLC was uniformly down-regulated by corticoster-
oid. Similarly, IL6i and TNFi down-regulated the expression of 
these effectors, albeit at lower magnitudes compared to those 
seen with corticosteroid.

The data also show that MnT2E was capable of inhibiting 
IL-17A-induced production of inflammatory effectors by FLC. 
Its inhibitory effects were not as high as those seen with corti-
costeroid. However, MnT2E was as effective as IL6i and TNFi in 
reducing IL-17A-mediated production of MMP3, MMP8, and IL8 
(CXCL8). It elicited significantly higher degrees of inhibition of 
IL-17A-mediated production of TNFα, IL-6, MMP2, VEGF, and 
CCL2 (MCP1) than either IL6i or TNFi. MnT2E, IL6i, and TNFi 
did not affect the production of MMP7 and MMP12. MnT2E also 
did not affect production of IL-1β. Both TNFi and MnT2E had 
no effect on CCL7 (MCP3) production. Generally, there were no 
significant differences in FLC responses between oligoarticular 
and RF− polyarticular JIA.
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FigUre 6 | CD31-driven expression of RORγT and trans-activation of 
IL-17A gene promoter. (a) Data shown (bar means, SD whiskers; n = 5–7 
per group) are RORγT levels in synovial CD31+CD28null DN and CD8+ 
αβT cells, Jurkat, and JRT3 following CD31, TCR, CD3, or IgG stimulation. 
Crosslinking assays were performed as in Figure 3a. Data normalization 
done as in Figures 3B and 4. The indicated P-values were determined by 
Kruskal–Wallis ANOVA. Post hoc group comparisons by Tukey: ***P < 0.001 
indicates CD31 crosslinking in JRT3 were significantly different from TCR 
and CD3 crosslinking, and the IgG control; **P < 0.05 indicates CD31 
crosslinking on DN T cells were significantly different from TCR or CD3 
crosslinking, or IgG control; * indicates crosslinking of CD31, TCR, or CD3 
on CD8 T cells and Jurkat were not significantly different but were 
significantly different (P < 0.001) from the IgG control. (B) Data shown 
(mean bars, SD whiskers; n = 4–7 per group) are IL-17A gene promoter-
driven luciferase reporter activities of Jurkat and JRT3. The data were 
normalized for transfection efficiency by co-transfection of Renilla luciferase 
plasmid. Receptor crosslinking was performed as in Figure 3a. The 
indicated P-value was determined by Kruskal–Wallis ANOVA. Post hoc 
group comparisons by Tukey: [**] indicates crosslinking of CD31 and TCR 
on Jurkat was not significantly different, but either one was significantly 
different (P < 0.005) than the IgG control; [***] P < 0.001 indicates 
CD31crosslinking on JRT3 cells were significantly different than TCR 
crosslinking or the IgG control; [@] P < 0.005 indicates control luciferase 
activity of phorbol myristyl acetate/Iono-stimulated JRT3 without receptor 
crosslinking was higher than Jurkat.
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DiscUssiOn

Cytokines/chemokines are considered pathologic effectors of JIA. 
Their plasma/serum levels have been variably associated with 
disease activity, particular disease manifestations, or responses 
to biologics such as IL-6i and TNFi (47, 48). Regardless of treat-
ment, many patients experience episodes of arthritic flares that 
are usually managed by systemic and/or by local therapy with 
arthrocentesis and corticosteroid injection. During such flares, 
there is exaggerated synovial inflammation compared to blood 
that is reflected by non-correspondence between plasma/serum 

and SF cytokine profiles (21). Thus, biological analysis of SF is a 
preferable approach to better understand the nature of synovitis 
in JIA (49).

The present study shows variable and low levels of plasma 
cytokines, some of which are not significantly different between 
JIA and healthy controls. In contrast, the SF cytokine profiles 
show dominance of IL-6, IL-10, IL-17A, IFNγ, and TNFα, 
which were among those identified by de Jager et  al. (21). By 
comparison, our data show 4–5 orders of magnitudes for these 
five molecules (present data in Figure  1 in ng/ml quantities 
versus data Table 3 of de Jager et al. in pg/ml). Such quantitative 
differences could be related to intrinsic cohort differences. IL-6 
and TNFα are two of the most consistently reported cytokines in 
JIA (21, 47). IL-10 has both pro- and anti-inflammatory effects 
in human disease and is among the upregulated cytokines in 
clinically active JIA (50). IFNγ has been associated with innate 
and adaptive responses in adult RA, with some reported asso-
ciation with systemic-onset JIA but not with oligoarticular or 
RF− polyarticular JIA (51). IL-17A is a cytokine of interest in 
the biology of JIA (52). As shown by the present data and those 
reported by de Jager et  al. (21), there are equivalent levels of 
these five cytokines in SF of oligoarticular and RF− polyarticular 
JIA. Collectively, these findings support a growing opinion in 
Pediatric Rheumatology that these two clinical subtypes may 
represent a continuum of the same disease (14). Inasmuch as 
the present study is a cross section of patients with long-standing 
disease (disease duration up to 15 years) that have a treatment 
history with various medications, the dominance of IL-6, IL-10, 
IL-17A, IFNγ, and TNFα in SF suggests a common cytokine 
signature of JIA synovitis.

A key question is whether the SF cytokine milieu is linked 
to discrete subset(s) of joint-infiltrating cells. The present study 
provides evidence for the role of DN αβT cells. Whether these 
cells come from a distinct lineage or are derived from chronic 
inflammatory activation of single-positive CD4 and/or CD8 
precursors remains to be examined. However, expression levels 
of CD4 and CD8 have been known to be transiently down-
regulated during conventional TCR-crosslinking (53). In T cell 
cultures with highly mitogenic stimuli such as anti-CD3/CD28 
or phorbol ester/ionomycin, extremely high rates of prolifera-
tion of CD8, but not CD4, cells were reportedly associated with 
the emergence of DN T cells (54). Such in vitro emergence of 
DN T cells has been linked to epigenetic modification of CD8 
that renders it inaccessible to transcription (55). Along these 
lines, DN T  cells have also been reported to constitute ~10% 
of blood T  cells in adults with systemic lupus erythematosus 
(56), a disease with known global and CD8-specific epigenetic 
modifications (57). Similar epigenetic modifications have been 
reported for CD4+ T cells in JIA (58), but it is not yet clear if 
such changes lead to conversion of single-positive CD4 into DN 
T cells. Whether epigenetics regulate lineage decisions of joint-
infiltrating T  cells in manner differently from that of T  cells 
residing/transiting in normal lymphoid tissue is also unknown. 
Regardless of the role of epigenetics, we report here that com-
pared to adult lupus, oligoarticular and RF− polyarticular JIA 
have greater than twice the frequency of DN T cells in blood, 
and up to sevenfold higher in SF.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 7 | Fibrocyte-like cells are non-lymphoid IL-17A-responsive components of SF. (a) The general electronic gating strategy to set a live single cell gate was 
done as in Figure 2a. The cytograms shown illustrate the gated larger sized cells in SFMC, i.e., boxed higher forward versus side scatter. As depicted, the 
proportions of these non-lymphoid SFMC varied widely among patients. These cells co-expressed procollagen 1 and proline hydroxylase, known markers of 
fibroblasts and mesenchymal fibrocytes. These cells, referred to as FLC, also expressed IL-17RA and CD38. (B) Representative micrograph of 10–15 day cultured, 
plate-adherent FLC showing stellate to ameboid morphology. Their typical cytogram profile showed negative staining for T and B cell markers, but positive staining 
of proline hydroxylase, procollagen 1, IL-17RA, and CD38. (c) CD38 expression on FLC (bar means, SD whiskers; n = 5 per group) incubated with three doses of 
recombinant IL-17A for 24 h. The indicated P-value was determined by Kruskal–Wallis ANOVA. Post hoc group comparisons by Tukey: [@] indicate no significant 
differences between 200 and 2,000 ng/ml doses of IL-17A; [**] indicates responses to 200 or 2,000 ng/ml was significantly different (P < 0.05) than those seen with 
20 ng/ml IL-17A or media control.
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Our new finding is that DN αβT cells in JIA are CD31+CD28null, 
a phenotype reminiscent of a CD8+ subset we reported previously 
(7). This is unlike the situation in adult lupus where DN T cells 
are CD28+ (56) and CD31 expression has not been examined. 
CD28null T cells are a biomarker of normal aging or premature 
aging in the human immune system (10). We have shown that 
the irreversible loss of CD28 can be accelerated by persistent 
TCR stimulation, and by inflammatory mediators (32, 59). As for 
CD31, it is a known marker for fresh naïve CD28+CD4+ T cells and 
is lost when they become CD28+ activated or CD28null memory 
CD4 effectors (60). We have shown that CD31 is sporadically 
expressed on fresh naïve CD8+ T  cells, but is stably expressed 
on highly activated CD8 cells, and upon their conversion from 
CD28+ to memory CD28nullCD8+ effectors (7). Whether the 
losses of CD4, CD8, and CD28, and the corresponding gain 
of CD31 are independent, co-dependent, or sequential events 
remain to be examined.

The abundance of CD31+CD28null DN and CD8+ αβT  cells 
in SF suggests their pathogenic role. Our data show >2.5-fold 

annual increase in CD31+CD28nullDN αβT  cell frequency in 
SF compared to that seen in blood. Such yearly accumulation 
is reminiscent of our original report for CD31+CD28nullCD8+ 
αβT cells (7). However, a longitudinal analysis of paired blood 
and SF samples is needed to ascertain whether there is concord-
ance of their cell frequencies increases over time. Longitudinal 
studies could also inform whether arthritic flares may be due 
to, or predicted by cumulative increases in, CD31+CD28null DN  
and/or CD8+ αβT cells, or to particular effector subsets thereof.

An experimental support for a pathogenic role for CD31+ 
CD28null DN and CD8+ αβT cells is their TCR-independent activa-
tion. Our data show CD31 ligation alone sufficiently increase 
intracellular IL-6, IL-17A, IFNγ, and TNFα, four of the five most 
upregulated cytokines we found from SF cytokine profiling. 
Furthermore, there is CD31-driven, TCR-independent phospho-
rylation of ZAP70, Akt, and RelA, three components of conven-
tional TCR-driven CD28-dependent T cell signaling (38–40). Our 
data also show a primary role of cAbl in CD31-driven activation 
of synovial T cell activation; cAbl is not a known component of 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 9 | Sensitivity of IL-17A-mediated production of tissue-destructive proteins by FLC to down modulation by MnT2E. Culture supernatants from the same 
FLC bioassays in Figure 8 were also examined for MMPs and vascular endothelial growth factor (VEGF). Sample sizes, box-median-whisker plots, and statistical 
analyses were identical to that of Figure 8.

FigUre 8 | IL-17A-mediated production of cytokines and chemokines by FLC, and their sensitivity to MnT2E. Data shown are box-median-whisker plots (n = 5–7 
per group), which were constructed as in Figure 1. As depicted, the maximum levels of production of each of the indicated molecules by FLC cultures in 200 ng/ml 
recombinant IL-17A [recIL-17] were set as 100% response. Production levels of each indicated molecular effector in FLC cultures with recIL-17 combined with 5 µM 
corticosteroid or IL6i or TNFi, or 34 µM MnT2E were normalized as percent increase or decrease over the maximal response to recIL-17. The indicated P-values 
were determined by Kruskal–Wallis ANOVA. Post hoc group comparisons by Tukey: ***P < 0.005 indicate corticosteroid- and/or MnT2E-mediated suppression of 
IL-17A-mediated production of effectors was significantly greater than those elicited by TNFi or IL6i; [**] and [*]P < 0.01 and P < 0.05, respectively, indicate 
significant suppression of production of effector molecules compared recIL17 only group; [@] no significant differences among inhibitor-treated groups, but 
significantly different (P < 0.05) from the recIL-17 only group; ns, not significantly different between the inhibitor-treated group(s) and recIL-17 only group.
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FigUre 10 | Model for an inflammatory circuit between CD31+CD28null 
αβT cells and FLC in JIA synovitis. The present data (Figures 2 and 7) 
authenticate enrichment of CD31+CD28null DN αβT cells, as well as 
procollagen [procol]+proline hydroxylase [P4H]+ FLC in SF of oligoarticular 
and rheumatoid factor− polyarticular JIA. In previous work, we have shown 
a similar CD31+CD28null subset in the CD8+ compartment (7). Ligation of 
CD31 with specific antibody on these two αβT cell subsets sufficiently and 
effectively signals phosphorylation of ZAP70, Akt, cAbl, and RelA 
(Figure 4). It is also sufficient to induce production of IL-17A, IL-6, IFNγ, 
and TNFα (Figure 3). These four cytokines are among the most dominant 
cytokines identified in SF (Figure 1). We have shown previously that similar 
cytokine production is achieved by CD31 ligation with CD38-Ig (7), 
indicating CD38 is a true ligand, CD31 ligand on synovial CD31+ αβT cells. 
Relevance of CD31 as a driver IL-17A is indicated by the specific 
trans-activation of IL-17A promoter and induction RORγT (Figure 6). CD31-
driven production of cytokines and phosphorylation of cAbl and RelA are 
sensitive to down regulation by Imatinib, a known cAbl inhibitor, and by 
MnT2E, a superoxide mimic, and inhibitor of the DNA-binding activity of 
NFκB (Figure 5). IL-17RA+CD38+ FLC is a likely target of IL-17A as 
indicated by the upregulation of CD38 (Figure 7). Futhermore, IL-17A 
induces FLC to produce additional inflammatory cytokines/chemokines and 
tissue-destructive effectors, which are sensitive to down modulation by 
MnT2E (Figures 8 and 9). Such inhibitory activity of MnT2E on FLC is 
comparable, and in some cases, better than the biologics IL6i and TNFi. 
Details of IL-17A and CD38 signaling in FLC [dashed arrows] remain  
to be examined.
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CD31 signaling in non-immune cells (41, 42). For conventional 
αβT cells, cAbl has been implicated as a minor secondary partici-
pant of TCR/CD28 signaling (61). Our data indicate cAbl along 
with ZAP70, Akt, and RelA are proximal transducers of CD31 
signaling. Whether these signaling molecules are independently 
or co-dependently required for the CD31-driven production of 
distal cytokine effectors, such as IL-6, IL-17A, IFNγ, and TNFα 
by αβT cells remains to be examined. Nonetheless, our data sets 
clearly show CD31 signaling in synovial αβT  cells effectively 
suborn or co-opt the classical TCR signaling pathway in the 
absence of TCR engagement. This idea is supported by our data 
set with TCR+CD3+CD31+ Jurkat and TCR−CD3−CD31+ JRT3 
that recapitulated the CD31-driven cytokine production and the 
phosphorylations of signaling intermediates. Given the basic 
tenet that antigen-specific TCR triggering confers protective 
immunity, CD31-driven TCR-independent activation of synovial 
CD31+ DN and CD8+ αβT cells may represent a form of immune 
dysregulation that contribute to JIA synovitis.

IL-17A is a cytokine of interest in many chronic inflammatory 
diseases (26, 52, 62, 63). We report here several novel findings. 
First, our data provide evidence for TCR-independent IL-17A 
production by synovial DN and CD8+ αβT cells. CD31 ligation 
alone is sufficient to induce expression of RORγT transcription 
factor and trans-activation of IL-17A gene promoter. Thus, 
in addition to IL-17A+ CD4+ αβT and γδT  cells (52, 64, 65), 
CD31+CD28null DN and CD8+ αβT  cells likely represent non-
conventional Th17 subsets. Whether all these IL-17A-producing 
subsets of T cells work in concert or have differential roles during 
arthritic flares in JIA has yet to be examined.

Second, CD31-driven IL-17A production is suppressed by 
Imatinib, an anti-CML drug known to inhibit cAbl kinase activity 
(22). The signaling pathway linking CD31 ligation, cAbl phos-
phorylation, and IL-17A production needs further investigation.

Third, a target of IL-17A in the joint is IL-17RA+ FLC. Their 
exposure to IL-17A results in the production of several MMPs, 
chemokines, and VEGF, and additional TNFα and IL-6. FLC also 
express the CD31 ligand CD38 (45). We validated previously that 
recombinant CD38-Ig stimulates CD31+CD28nullCD8+ αβT cells 
(7). The origin(s) of FLC has yet to be determined.

Fourth, CD31-driven production of IL-17A by CD31+CD28null 
DN and CD8+ αβT cells is sensitive to MnT2E, a mimic of super-
oxide dismutase (23). The suppressive activity of MnT2E on 
synovial αβT cell cytokine production is in line with its reported 
down modulatory effect on T cells in non-obese diabetic mice 
wherein oxyradicals play a significant role in insulitis and 
pancreas pathology (66). Our data showing MnT2E-mediated 
inhibition of RelA phosphorylation in synovial CD31+ DN  
and CD8+ T cells is also consistent with its reported blockade 
of the DNA-binding activity of NFκB in whole tissue explants 
(24). Furthermore, our data show MnT2E-dependent inhibi-
tion of cAbl phosphorylation, and a higher degree of MnT2E 
inhibition of CD31-driven production of IL-17A. These two 
particular suppressive effects MnT2E are equivalent to that 
seen with Imatinib. These suggest Imatinib and MnT2E may be 
useful tools to further probe CD31→cAbl→IL-17A directional 
signaling.

It remains to be investigated whether MnT2E directly affects 
structure or function of cAbl. However, c-Abl has been shown 
experimentally to be modulated to reactive oxygen species  
(67). This could explain our observation that c-Abl phospho-
rylation was indeed affected by MnT2E consistent with its 
known dismutase activity (23). It also remains to be examined 
whether MnT2E directly alters the transcriptional and/or trans-
lational machineries of IL-17A production. This is of interest 
since the IL-17A gene promoter includes an NFκB binding site 
(30). RelA complexes of NFκB are known targets of oxyradicals 
(68). IL-17A production itself appears to be sensitive to redox 
reactions (69).

Finally, MnT2E also affects IL-17A-mediated production of 
additional inflammatory effectors by FLC. MnT2E suppression 
of MMP3, MMP8, and IL-8 (CXCL8) expression is comparable 
to those seen with IL6i and TNFi. MnT2E produces greater 
degrees of inhibition TNFα, IL-6, MMP2, VEGF, and MCP1 
(CCL2) production than either IL6i or TNFi. MnT2E, however, 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


14

Ferguson et al. CD31/IL-17A Axis of Synovitis in JIA

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1802

reFerences

1. Martini A. JIA in 2011: new takes on categorization and treatment. Nat  
Rev Rheumatol (2012) 8:67–8. doi:10.1038/nrrheum.2011.198 

2. Macaubas C, Nguyen K, Milojevic D, Park JL, Mellins ED. Oligoarticular  
and polyarticular JIA: epidemiology and pathogenesis. Nat Rev Rheumatol 
(2009) 5:616–26. doi:10.1038/nrrheum.2009.209 

3. Grom AA, Hirsch R. T-cell and T-cell receptor abnormalities in the immuno-
pathogenesis of juvenile rheumatoid arthritis. Curr Opin Rheumatol (2000) 
12:420–4. doi:10.1097/00002281-200009000-00012 

4. Amariglio N, Klein A, Dagan L, Lev A, Padeh S, Rechavi G, et  al. T-cell  
compartment in synovial fluid of pediatric patients with JIA correlates with 
disease phenotype. J Clin Immunol (2011) 31:1021–8. doi:10.1007/s10875- 
011-9580-0 

5. Haufe S, Haug M, Schepp C, Kuemmerle-Deschner J, Hansmann S, Rieber N, 
et al. Impaired suppression of synovial fluid CD4+CD25- T cells from patients 
with juvenile idiopathic arthritis by CD4+CD25+ Treg cells. Arthritis Rheum 
(2011) 63:3153–62. doi:10.1002/art.30503 

6. Wedderburn LR, Maini MK, Patel A, Beverley PC, Woo P. Molecular fingerprint-
ing reveals non-overlapping T cell oligoclonality between an inflamed site and 
peripheral blood. Int Immunol (1999) 11:535–43. doi:10.1093/intimm/11.4.535 

7. Dvergsten JA, Mueller RG, Griffin P, Abedin S, Pishko A, Michel JJ, et al. 
Premature cell senescence and T  cell receptor-independent activation 
of CD8+ T  cells in juvenile idiopathic arthritis. Arthritis Rheum (2013) 
65:2201–10. doi:10.1002/art.38015 

8. Vallejo AN. CD28 extinction in human T cells: altered functions and the pro-
gram of T-cell senescence. Immunol Rev (2005) 205:158–69. doi:10.1111/j.0105- 
2896.2005.00256.x 

9. Lemster BH, Michel JJ, Montag DT, Paat JJ, Studenski SA, Newman AB, et al. 
Induction of CD56 and TCR-independent activation of T  cells with aging. 
J Immunol (2008) 180:1979–90. doi:10.4049/jimmunol.180.3.1979 

10. Michel JJ, Griffin P, Vallejo AN. Functionally diverse NK-like T  cells are 
effectors and predictors of successful aging. Front Immunol (2016) 7:530. 
doi:10.3389/fimmu.2016.00530 

11. Muller WA. Mechanisms of leukocyte transendothelial migration. Annu  
Rev Pathol (2011) 6:323–44. doi:10.1146/annurev-pathol-011110-130224 

12. Duncan GS, Andrew DP, Takimoto H, Kaufman SA, Yoshida H, Spellberg J,  
et al. Genetic evidence for functional redundancy of platelet/endothelial cell 
adhesion molecule-1 (PECAM-1): CD31-deficient mice reveal PECAM-
1-dependent and PECAM-1-independent functions. J Immunol (1999) 
162:3022–30. 

13. Prahalad S, Thompson SD, Conneely KN, Jiang Y, Leong T, Prozonic J,  
et  al. Hierarchy of risk of childhood-onset rheumatoid arthritis conferred 
by HLA-DRB1 alleles encoding the shared epitope. Arthritis Rheum (2012) 
64:925–30. doi:10.1002/art.33376 

14. Martini A. It is time to rethink juvenile idiopathic arthritis classification and 
nomenclature. Ann Rheum Dis (2012) 71:1437–9. doi:10.1136/annrheumdis- 
2012-201388 

15. Torok KS, Kurzinski K, Kelsey C, Yabes J, Magee K, Vallejo AN. Peripheral 
blood cytokine and chemokine profiles in juvenile localized scleroderma: 
T-helper cell-associated cytokine profiles. Semin Arthritis Rheum (2015) 
45:284–93. doi:10.1016/j.semarthrit.2015.06.006 

16. Vallejo AN, Hamel DL Jr, Mueller RG, Ives DG, Michel JJ, Boudreau RM. 
NK-like T  cells and plasma cytokines, but not anti-viral serology, define 
immune fingerprints of resilience and mild disability in exceptional aging. 
PLoS One (2011) 6:e26558. doi:10.1371/journal.pone.0026558 

has no effect on MMP7, MMP12, and IL-1β. The basis for these 
differential effects of MnT2E has to be examined.

In summary, the present work provides evidence for TCR-
independent, CD31-driven activation of joint-infiltrating 
CD31+CD28null DN and CD8+ αβT  cells in JIA. These cells are 
sources of IL-6, IL-17A, IFNγ, and TNFα, four abundant cytokines 
in SF. A downstream target of IL-17A is IL17RA+CD38+ FLC, 
which responds by further upregulating CD38, a ligand of CD31 
(45), and the production of additional inflammatory and tissue-
destructive effectors including TNFα and IL-6 that compounds 
the CD31-driven cytokine production by αβT cells. Collectively, 
our data suggest a synovial T  cell-FLC inflammatory circuit 
illustrated in Figure 10. The working model highlights plausible 
CD31–CD38 interaction with an IL-17A-mediated feedback loop. 
We have shown previously (7) that CD38-Ig is potent inducer 
of cytokine production by CD31+CD28null αβT cells. Specificity 
of a CD31–CD38 cognate interaction will have to be verified. 
Blocking CD31 and/or CD38 in usual T  cell-FLC co-cultures 
yielded very variable results, which were likely due to a variety 
of compounding receptor-counter receptor interactions. Nuances 
of IL-17A-signaling and CD38-signaling cascades in FLC also 
remain to be examined. Admittedly, the model cannot exclude 
other possible feedback loops, since CD31-activated T cells and 
IL-17A-activated FLC produce multiple effectors. Nonetheless, a 
notable aspect of our model is the identification of MnT2E as an 
independent inhibitor of CD31-driven T cell activation and IL-17-
A-mediated FLC activation. This points to its likely utility as a 
probe to further unravel intricacies of CD31 signaling in synovial 
αβT cells, as well as IL-17A and CD38-signaling cascades in FLC. 
The inhibitory activity of MnT2E also provides a translational 
rationale to test whether it is potentially disease-modifying.

eThics sTaTeMenT

Institutional Review Boards of the University of Pittsburgh approved 
all research protocols. Written informed consent from legal guard-
ians, and assent of child subjects as appropriate, were obtained.

aUThOr cOnTriBUTiOns

AV designed the study and secured funding. IF, PG, JM, and AD 
prepared the manuscript. AV, JM, and DK designed and managed 
the IRB protocol. IF, JM, JD, MR, and DK recruited/consented 
subjects and abstracted medical records. IF, PG, JM, RM, and JD 
collected, processed, and cataloged biological specimens. IF, PG, 
HY, RM, and JD performed experiments. SG and JP provided criti-
cal reagents and designed their use. IF, PG, JM, and AV performed 
statistical analysis. All authors reviewed/approved the manuscript.

acKnOWleDgMenTs

Authors thank Bonnie Lemster for technical contributions dur-
ing the early stages of this study, and Jane Rasmussen and the 
staff of the Clinical Laboratory Services of Children’s Hospital 
of Pittsburgh for assistance in collecting residual clinical blood 
samples. Albany Molecular Research Inc., generously provided 
the GMP grade of MnT2E used in this study.

FUnDing

This work was supported by an IRG Award from the Nancy E. Taylor 
Foundation for Chronic Diseases Inc., and grants (T32 AR052282, 
R01 AI107825) from the US National Institutes of Health.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nrrheum.2011.198
https://doi.org/10.1038/nrrheum.2009.209
https://doi.org/10.1097/00002281-200009000-00012
https://doi.org/10.1007/s10875-
011-9580-0
https://doi.org/10.1007/s10875-
011-9580-0
https://doi.org/10.1002/art.30503
https://doi.org/10.1093/intimm/11.4.535
https://doi.org/10.1002/art.38015
https://doi.org/10.1111/j.0105-
2896.2005.00256.x
https://doi.org/10.1111/j.0105-
2896.2005.00256.x
https://doi.org/10.4049/jimmunol.180.3.1979
https://doi.org/10.3389/fimmu.2016.00530
https://doi.org/10.1146/annurev-pathol-011110-130224
https://doi.org/10.1002/art.33376
https://doi.org/10.1136/annrheumdis-
2012-201388
https://doi.org/10.1136/annrheumdis-
2012-201388
https://doi.org/10.1016/j.semarthrit.2015.06.006
https://doi.org/10.1371/journal.pone.0026558


15

Ferguson et al. CD31/IL-17A Axis of Synovitis in JIA

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1802

17. Fitzpatrick ME, Singh V, Bertolet M, Lucht L, Kessinger C, Michel J, et  al. 
Relationships of pulmonary function, inflammation, and T-cell activation and 
senescence in an HIV-infected cohort. AIDS (2014) 28:2505–15. doi:10.1097/
QAD.0000000000000471 

18. Blakaj A, Bucala R. Fibrocytes in health and disease. Fibrogenesis Tissue  
Repair (2012) 5:S6. doi:10.1186/1755-1536-5-S1-S6 

19. Schwarz RI. Collagen I and the fibroblast: high protein expression requires  
a new paradigm of post-transcriptional, feedback regulation. Biochem Biophys  
Rep (2015) 3:38–44. doi:10.1016/j.bbrep.2015.07.007 

20. Bonish BK, Foreman KE, Gutierrez-Steil C, Nickoloff BJ. Phenotype and 
proliferation characteristics of cultured spindle-shaped cells obtained from 
normal human skin and lesions of dermatofibroma, Kaposi’s sarcoma, and 
dermatofibrosarcoma protuberans: a comparison with fibroblast and endo-
thelial cells of the dermis. J Dermatol Sci (1997) 16:52–8. 

21. de Jager W, Hoppenreijs EP, Wulffraat NM, Wedderburn LR, Kuis W, Prakken BJ.  
Blood and synovial fluid cytokine signatures in patients with juvenile idio-
pathic arthritis: a cross-sectional study. Ann Rheum Dis (2007) 66:589–98. 
doi:10.1136/ard.2006.061853 

22. Ofran Y, Izraeli S. BCR-ABL (Ph)-like acute leukemia-pathogenesis, diagnosis 
and therapeutic options. Blood Rev (2017) 31:11–6. doi:10.1016/j.blre.2016. 
09.001 

23. Batinic-Haberle I, Tovmasyan A, Spasojevic I. An educational overview of the 
chemistry, biochemistry and therapeutic aspects of Mn porphyrins – from 
superoxide dismutation to H2O2-driven pathways. Redox Biol (2015) 5:43–65. 
doi:10.1016/j.redox.2015.01.017 

24. Bottino R, Balamurugan AN, Tse H, Thirunavukkarasu C, Ge X, Profozich J,  
et al. Response of human islets to isolation stress and the effect of antio xidant 
treatment. Diabetes (2004) 53:2559–68. doi:10.2337/diabetes.53.10.2559 

25. Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y, et  al.  
T helper 17 lineage differentiation is programmed by orphan nuclear receptors 
ROR alpha and ROR gamma. Immunity (2008) 28:29–39. doi:10.1016/j.
immuni.2007.11.016 

26. Lubberts E. The IL-23-IL-17 axis in inflammatory arthritis. Nat Rev Rheumatol 
(2015) 11:415–29. doi:10.1038/nrrheum.2015.53 

27. Kirkham BW, Kavanaugh A, Reich K. Interleukin-17A: a unique pathway 
in immune-mediated diseases: psoriasis, psoriatic arthritis and rheumatoid 
arthritis. Immunology (2014) 141:133–42. doi:10.1111/imm.12142 

28. Chiricozzi A, Nograles KE, Johnson-Huang LM, Fuentes-Duculan J,  
Cardinale I, Bonifacio KM, et al. IL-17 induces an expanded range of down-
stream genes in reconstituted human epidermis model. PLoS One (2014) 
9:e90284. doi:10.1371/journal.pone.0090284 

29. Brescia AC, Simonds MM, Sullivan KE, Rose CD. Secretion of pro- 
inflammatory cytokines and chemokines and loss of regulatory signals by 
fibroblast-like synoviocytes in juvenile idiopathic arthritis. Proteomics Clin 
Appl (2017) 11(5–6):1600088. doi:10.1002/prca.201600088 

30. Liu XK, Lin X, Gaffen SL. Crucial role for nuclear factor of activated T cells 
in T cell receptor-mediated regulation of human interleukin-17. J Biol Chem 
(2004) 279:52762–71. doi:10.1074/jbc.M405764200 

31. Michel JJ, Turesson C, Lemster B, Atkins SR, Iclozan C, Bongartz T, et  al. 
CD56-expressing T  cells that have features of senescence are expanded in 
rheumatoid arthritis. Arthritis Rheum (2007) 56:43–57. doi:10.1002/art.22310 

32. Lewis DE, Merched-Sauvage M, Goronzy JJ, Weyand CM, Vallejo AN.  
Tumor necrosis factor-alpha and CD80 modulate CD28 expression through a 
similar mechanism of T-cell receptor-independent inhibition of transcription. 
J Biol Chem (2004) 279:29130–8. doi:10.1074/jbc.M402194200 

33. Vallejo AN, Yang H, Klimiuk PA, Weyand CM, Goronzy JJ. Synoviocyte-
mediated expansion of inflammatory T  cells in rheumatoid synovitis is  
dependent on CD47-thrombospondin 1 interaction. J Immunol (2003) 171: 
1732–40. doi:10.4049/jimmunol.171.4.1732 

34. Harrold LR, Salman C, Shoor S, Curtis JR, Asgari MM, Gelfand JM, et  al. 
Incidence and prevalence of juvenile idiopathic arthritis among children 
in a managed care population, 1996-2009. J Rheumatol (2013) 40:1218–25. 
doi:10.3899/jrheum.120661 

35. Vanoni F, Minoia F, Malattia C. Biologics in juvenile idiopathic arthritis:  
a narrative review. Eur J Pediatr (2017) 176:1147–53. doi:10.1007/s00431-017- 
2960-6 

36. Weiss A, Stobo JD. Requirement for the coexpression of T3 and the T  cell  
antigen receptor on a malignant human T  cell line. J Exp Med (1984) 160: 
1284–99. doi:10.1084/jem.160.5.1284 

37. Ohashi PS, Mak TW, Van den Elsen P, Yanagi Y, Yoshikai Y, Calman AF, 
et al. Reconstitution of an active surface T3/T-cell antigen receptor by DNA 
transfer. Nature (1985) 316:606–9. doi:10.1038/316606a0 

38. Katz ZB, Novotna L, Blount A, Lillemeier BF. A cycle of Zap70 kinase acti-
vation and release from the TCR amplifies and disperses antigenic stimuli.  
Nat Immunol (2017) 18:86–95. doi:10.1038/ni.3631 

39. Cheng J, Phong B, Wilson DC, Hirsch R, Kane LP. Akt fine-tunes NF-kappaB-
dependent gene expression during T  cell activation. J Biol Chem (2011) 
286:36076–85. doi:10.1074/jbc.M111.259549 

40. Paul S, Schaefer BC. A new look at T  cell receptor signaling to nuclear 
factor-kappaB. Trends Immunol (2013) 34:269–81. doi:10.1016/j.it.2013. 
02.002 

41. Xu S, Ha CH, Wang W, Xu X, Yin M, Jin FQ, et  al. PECAM1 regulates 
flow-mediated Gab1 tyrosine phosphorylation and signaling. Cell Signal 
(2016) 28:117–24. doi:10.1016/j.cellsig.2015.12.007 

42. Lertkiatmongkol P, Liao D, Mei H, Hu Y, Newman PJ. Endothelial functions 
of platelet/endothelial cell adhesion molecule-1 (CD31). Curr Opin Hematol 
(2016) 23:253–9. doi:10.1097/MOH.0000000000000239 

43. Gao H, Lee BN, Talpaz M, Donato NJ, Cortes JE, Kantarjian HM, et  al. 
Imatinib mesylate suppresses cytokine synthesis by activated CD4 T cells of 
patients with chronic myelogenous leukemia. Leukemia (2005) 19:1905–11. 
doi:10.1038/sj.leu.2403933 

44. Ciarcia R, Vitiello MT, Galdiero M, Pacilio C, Iovane V, d’Angelo D, et  al. 
Imatinib treatment inhibit IL-6, IL-8, NF-KB and AP-1 production and  
modulate intracellular calcium in CML patients. J Cell Physiol (2012) 227: 
2798–803. doi:10.1002/jcp.23029 

45. Deaglio S, Morra M, Mallone R, Ausiello CM, Prager E, Garbarino G, et al. 
Human CD38 (ADP-ribosyl cyclase) is a counter-receptor of CD31, an Ig 
superfamily member. J Immunol (1998) 160:395–402. 

46. Turner JD, Filer A. The role of the synovial fibroblast in rheumatoid arth-
ritis pathogenesis. Curr Opin Rheumatol (2015) 27:175–82. doi:10.1097/
BOR.0000000000000148 

47. Spirchez M, Samasca G, Iancu M, Bolba C, Miu N. Relation of interleukin-6, 
TNF-alpha and interleukin-1alpha with disease activity and severity in  
juvenile idiopathic arthritis patients. Clin Lab (2012) 58:253–60. 

48. Walters HM, Pan N, Lehman TJ, Adams A, Kalliolias GD, Zhu YS, et  al.  
The impact of disease activity and tumour necrosis factor-alpha inhibitor 
therapy on cytokine levels in juvenile idiopathic arthritis. Clin Exp Immunol 
(2016) 184:308–17. doi:10.1111/cei.12782 

49. Woo P. Cytokines and juvenile idiopathic arthritis. Curr Rheumatol Rep (2002) 
4:452–7. doi:10.1007/s11926-002-0050-9 

50. Barnes MG, Grom AA, Thompson SD, Griffin TA, Pavlidis P, Itert L, et al. 
Subtype-specific peripheral blood gene expression profiles in recent-onset 
juvenile idiopathic arthritis. Arthritis Rheum (2009) 60:2102–12. doi:10.1002/
art.24601 

51. Sikora KA, Fall N, Thornton S, Grom AA. The limited role of interferon- 
gamma in systemic juvenile idiopathic arthritis cannot be explained by cel-
lular hyporesponsiveness. Arthritis Rheum (2012) 64:3799–808. doi:10.1002/
art.34604 

52. Nistala K, Moncrieffe H, Newton KR, Varsani H, Hunter P, Wedderburn LR. 
Interleukin-17-producing T cells are enriched in the joints of children with 
arthritis, but have a reciprocal relationship to regulatory T  cell numbers. 
Arthritis Rheum (2008) 58:875–87. doi:10.1002/art.23291 

53. Paillard F, Sterkers G, Vaquero C. Transcriptional and post-transcriptional 
regulation of TcR, CD4 and CD8 gene expression during activation of 
normal human T lymphocytes. EMBO J (1990) 9:1867–72. 

54. Crispin JC, Tsokos GC. Human TCR-alpha beta+ CD4- CD8- T  cells can 
derive from CD8+ T cells and display an inflammatory effector phenotype. 
J Immunol (2009) 183:4675–81. doi:10.4049/jimmunol.0901533 

55. Hedrich CM, Crispin JC, Rauen T, Ioannidis C, Koga T, Rodriguez Rodriguez N,  
et al. cAMP responsive element modulator (CREM) alpha mediates chroma-
tin remodeling of CD8 during the generation of CD3+ CD4- CD8- T cells. 
J Biol Chem (2014) 289:2361–70. doi:10.1074/jbc.M113.523605 

56. Anand A, Dean GS, Quereshi K, Isenberg DA, Lydyard PM. Characterization 
of CD3+ CD4- CD8- (double negative) T cells in patients with systemic lupus 
erythematosus: activation markers. Lupus (2002) 11:493–500. doi:10.1191/ 
0961203302lu235oa 

57. Patel DR, Richardson BC. Dissecting complex epigenetic alterations in human 
lupus. Arthritis Res Ther (2013) 15:201. doi:10.1186/ar4125 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1097/QAD.0000000000000471
https://doi.org/10.1097/QAD.0000000000000471
https://doi.org/10.1186/1755-1536-5-S1-S6
https://doi.org/10.1016/j.bbrep.2015.07.007
https://doi.org/10.1136/ard.2006.061853
https://doi.org/10.1016/j.blre.2016.
09.001
https://doi.org/10.1016/j.blre.2016.
09.001
https://doi.org/10.1016/j.redox.2015.01.017
https://doi.org/10.2337/diabetes.53.
10.2559
https://doi.org/10.1016/j.immuni.2007.11.016
https://doi.org/10.1016/j.immuni.2007.11.016
https://doi.org/10.1038/nrrheum.2015.53
https://doi.org/10.1111/imm.12142
https://doi.org/10.1371/journal.pone.0090284
https://doi.org/10.1002/prca.201600088
https://doi.org/10.1074/jbc.M405764200
https://doi.org/10.1002/art.22310
https://doi.org/10.1074/jbc.M402194200
https://doi.org/10.4049/jimmunol.171.4.1732
https://doi.org/10.3899/jrheum.120661
https://doi.org/10.1007/s00431-017-
2960-6
https://doi.org/10.1007/s00431-017-
2960-6
https://doi.org/10.1084/jem.160.5.1284
https://doi.org/10.1038/316606a0
https://doi.org/10.1038/ni.3631
https://doi.org/10.1074/jbc.M111.259549
https://doi.org/10.1016/j.it.2013.
02.002
https://doi.org/10.1016/j.it.2013.
02.002
https://doi.org/10.1016/j.cellsig.2015.12.007
https://doi.org/10.1097/MOH.0000000000000239
https://doi.org/10.1038/sj.leu.2403933
https://doi.org/10.1002/jcp.23029
https://doi.org/10.1097/BOR.0000000000000148
https://doi.org/10.1097/BOR.0000000000000148
https://doi.org/10.1111/cei.12782
https://doi.org/10.1007/s11926-002-0050-9
https://doi.org/10.1002/art.24601
https://doi.org/10.1002/art.24601
https://doi.org/10.1002/art.34604
https://doi.org/10.1002/art.34604
https://doi.org/10.1002/art.23291
https://doi.org/10.4049/jimmunol.0901533
https://doi.org/10.1074/jbc.M113.523605
https://doi.org/10.1191/0961203302lu235oa
https://doi.org/10.1191/0961203302lu235oa
https://doi.org/10.1186/ar4125


16

Ferguson et al. CD31/IL-17A Axis of Synovitis in JIA

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1802

58. Spreafico R, Rossetti M, Whitaker JW, Wang W, Lovell DJ, Albani S. Epi-
polymorphisms associated with the clinical outcome of autoimmune arthritis 
affect CD4+ T  cell activation pathways. Proc Natl Acad Sci U S A (2016) 
113:13845–50. doi:10.1073/pnas.1524056113 

59. Vallejo AN, Brandes JC, Weyand CM, Goronzy JJ. Modulation of CD28 
expression: distinct regulatory pathways during activation and replicative 
senescence. J Immunol (1999) 162:6572–9. 

60. Kimmig S, Przybylski GK, Schmidt CA, Laurisch K, Mowes B, Radbruch A,  
et  al. Two subsets of naive T helper cells with distinct T  cell receptor 
excision circle content in human adult peripheral blood. J Exp Med (2002) 
195:789–94. doi:10.1084/jem.20011756 

61. Gu JJ, Ryu JR, Pendergast AM. Abl tyrosine kinases in T-cell signaling. 
Immunol Rev (2009) 228:170–83. doi:10.1111/j.1600-065X.2008.00751.x 

62. Zhang Z, Kyttaris VC, Tsokos GC. The role of IL-23/IL-17 axis in lupus neph-
ritis. J Immunol (2009) 183:3160–9. doi:10.4049/jimmunol.0900385 

63. Crispin JC, Tsokos GC. IL-17 in systemic lupus erythematosus. J Biomed 
Biotechnol (2010) 2010:943254. doi:10.1155/2010/943254 

64. Berkun Y, Bendersky A, Gerstein M, Goldstein I, Padeh S, Bank I. 
GammadeltaT  cells in juvenile idiopathic arthritis: higher percentages of 
synovial Vdelta1+ and Vgamma9+ T cell subsets are associated with milder 
disease. J Rheumatol (2011) 38:1123–9. doi:10.3899/jrheum.100938 

65. Bendersky A, Marcu-Malina V, Berkun Y, Gerstein M, Nagar M, Goldstein I,  
et  al. Cellular interactions of synovial fluid gammadelta T  cells in juvenile 
idiopathic arthritis. J Immunol (2012) 188:4349–59. doi:10.4049/jimmunol. 
1102403 

66. Piganelli JD, Flores SC, Cruz C, Koepp J, Batinic-Haberle I, Crapo J, et  al. 
A metalloporphyrin-based superoxide dismutase mimic inhibits adoptive 
transfer of autoimmune diabetes by a diabetogenic T-cell clone. Diabetes 
(2002) 51:347–55. doi:10.2337/diabetes.51.2.347 

67. El Jamali A, Valente AJ, Lechleiter JD, Gamez MJ, Pearson DW, Nauseef WM,  
et  al. Novel redox-dependent regulation of NOX5 by the tyrosine kinase 
c-Abl. Free Radic Biol Med (2008) 44:868–81. doi:10.1016/j.freeradbiomed. 
2007.11.020 

68. Batinic-Haberle I, Spasojevic I, Tse HM, Tovmasyan A, Rajic Z, St Clair DK, 
et al. Design of Mn porphyrins for treating oxidative stress injuries and their 
redox-based regulation of cellular transcriptional activities. Amino Acids 
(2012) 42:95–113. doi:10.1007/s00726-010-0603-6 

69. Zhi L, Ustyugova IV, Chen X, Zhang Q, Wu MX. Enhanced Th17 differen-
tiation and aggravated arthritis in IEX-1-deficient mice by mitochondrial 
reactive oxygen species-mediated signaling. J Immunol (2012) 189:1639–47. 
doi:10.4049/jimmunol.1200528 

Conflict of Interest Statement: All authors have no financial conflict of interest.  
JP is co-owner of a patent (US Patent Application #20030032634) on the 
oxidoreductase analog MnT2E used in this study. Albany Molecular Research 
Institute Inc., (AMRI), a company licensed for clinical testing of MnT2E, 
provided this agent for research but was not involved in funding, design, 
implementation, or publication of this study. None of the authors have any 
relationship with AMRI.

Copyright © 2018 Ferguson, Griffin, Michel, Yano, Gaffen, Mueller, Dvergsten, 
Piganelli, Rosenkranz, Kietz and Vallejo. This is an open-access article distrib-
uted under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic prac-
tice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.1524056113
https://doi.org/10.1084/jem.20011756
https://doi.org/10.1111/j.1600-065X.2008.00751.x
https://doi.org/10.4049/jimmunol.0900385
https://doi.org/10.1155/2010/943254
https://doi.org/10.3899/jrheum.100938
https://doi.org/10.4049/jimmunol.
1102403
https://doi.org/10.4049/jimmunol.
1102403
https://doi.org/10.2337/diabetes.51.2.347
https://doi.org/10.1016/j.freeradbiomed.
2007.11.020
https://doi.org/10.1016/j.freeradbiomed.
2007.11.020
https://doi.org/10.1007/s00726-010-0603-6
https://doi.org/10.4049/jimmunol.1200528
https://creativecommons.org/licenses/by/4.0/

	T Cell Receptor-Independent, 
CD31/IL-17A-Driven Inflammatory Axis Shapes Synovitis in Juvenile Idiopathic Arthritis
	Introduction
	Materials and Methods
	Human Subjects and Biological Specimens
	Flow Cytometry
	Multiplex Analyses of Cell-Free SF 
and Plasma
	T Cell Bioassays
	Confocal Microscopy
	FLC Bioassays
	Transient Transfection
	Statistical Analysis

	Results
	Characteristics of the Study Cohort
	Predominance of Five Cytokines in SF
	CD31+CD28null DN αβ T Cells Constitute 
a Major Cellular Component of SF
	CD31-Driven, TCR-Independent Expression of Cytokines, and Phosphorylation of Signaling Intermediates in Synovial 
CD31+CD28null αβT Cells
	CD31-Driven cAbl Polarization, and Down Modulation of CD31-Driven Cytokine Production by an Inhibitor of cAbl 
and an Oxidoreductase Analog
	CD31-Driven, αβTCR-Independent Activation of IL-17A Gene Promoter
	FLC Are Downstream Targets of IL-17A and Are Sensitive to Suppression by MnT2E as Effective as TNFi and IL6i

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


